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1S*.1S*3T0$/:*5! =*2&! 25! 3>0&! +$=&23! 4$5.! 0-:5/&3$,/:*5! $F&,! 0$! 13*/?:5&! )VWXE! 3&.1*5.$60&! 4&!







C0!&./!?/$60:!J2&! 0&.!AD@E!1&3+&//&5/!R!@ABCD!4-:5/&3$%:3!$F&,! 0&.! :+1*3/:5&.!\E!]E!^!$:5.:!J2-$F&,! 0$!
/3$5.1*3/:5&E!J2:!13&55&5/!&5!,S$3%&!.$!/3$5.0*,$/:*5!$,/:F&!O4?1&54$5/&!4&.!V$5_9#Q!F&3.!0&!5*T$2E!
*`!&00&!.&3$!3&<0$3%2?&!YMLX<MLM[G!!
C54?1&54$++&5/! 42!AD@E! 4-$2/3&.! 1$3/&5$:3&.! .*5/! 5?,&..$:3&.! 1*23! 0$! /3$5.0*,$/:*5! 52,0?$:3&! 4&!
@ABCD!a!
< !0&! /3$5.1*3/&23! /3$5.+&+63$5$:3&! DCbXG! V&.1*5.$60&! 4&! 0-&5/3?&! 4&! I:5,! 4$5.! 0&.! ,&0020&.!
O:542,/:60&! 1$3! @9B9ME! 0&.!c./3*%N5&.E! ,&3/$:5.! ;$,/&23.! 4&! ,3*:..$5,&! *2! &5,*3&! ,&3/$:5&.!
S*3+*5&.!./?3*d4:&55&.Q!YMLe[E!:0!1&3+&/!0$!3?%20$/:*5!4&!0$!/3$5.0*,$/:*5!52,0?$:3&!4&!@ABCDE!
$..23$5/! $:5.:! .&.! ;*5,/:*5.! 4-:542,/&23! 4-UW9! ,*++&! ,&0$! $! ?/?! 4?,3:/! $2! ,*23.! 4&!
0-&+63T*%&5N.&!42!1*:..*5!IN63&!YMLf[E!&/!4$5.!25!+*4N0&!,&0020$:3&!S2+$:5!4&!,$3,:5*+&!
1$5,3?$/:J2&! YML([G! U5! 3&F$5,S&E! &/! 6:&5! J2&! .*5! 3>0&! .&+60&! +$=&23E! 0&.! +?,$5:.+&.!
4-$,/:*5.! +?4:?.! 1$3! DCbX! 1*23! :542:3&! 0$! /3$5.0*,$/:*5! 52,0?$:3&! 4&! @ABCD! .*5/! /*2=*23.!
:5,*552.!g!!
< #BhXE! 25&! .?3:5&! 13*/?:5&! i:5$.&! O5*/$++&5/! :+10:J2?&! 4$5.! 0$! 3?%20$/:*5! 4&! V$,X! &/! 4&!




5*T$2E! 1&2F&5/! R! 5*2F&$2! j/3&! &71*3/?&.! F&3.! 0&! ,T/*10$.+&G! C0! $! $:5.:! ?/?! 4?,3:/! 4:;;?3&5/.!
!"#$%&'(#)%"*
!"!# $ % & !
!
'(!
)*+$,-.)&.! &/! 0$1/&,$-1&.! 0&1)&//$,/! 2&31! ./$4-2-.$/-5,! ,3+2*$-1&! ,*+&..$-1&! $3!)$-,/-&,! 6&! 2&31!
$+/-7-/*!,3+2*$-1&!8!
9 2&.!015/*-,&.!6&!2$!:$)-22&!6&.!2;.;295<;6$.&.!=>?@A!1&.05,.$42&.!6&!2$!6*$)-,$/-5,!5<;6$/-7&!
6&! 1*.-63.! 0&0/-6-B3&.! 2;.;2CA! -)02-B3*&.! 6$,.! 2&! )$-,/-&,! 63! 1D2&! 6&! 1*01&..&31! 63!
015)5/&31!+,-.!0$1!EFGH>!=0$1!-,/&1$+/-5,!6-1&+/&CI!>$!6*$)-,$/-5,!5<;6$/-7&!6&.!2;.-,&.!J'!
&/! KL(! -,63-/! 3,! +M$,%&)&,/! +5,:51)$/-5,,&2! 6&! EFGH>! B3-! )$.B3&! 3,! .-/&! 6&!
0M5.0M51;2$/-5,!0$1!2$!NEO9LP!=1&.05,.$42&!6&!2$!6*%1$6$/-5,!6&!2$!015/*-,&A!75-1!+-9$01Q.CA!
&/!:$751-.&!2&!1&+13/&)&,/!6&!+51*01&..&31.!/1$,.+1-0/-5,,&2.!RLSSA!LS'T!U!
9 2$! V-,$.&! 0(S
EWO





\,:-,A! .-! &22&! ,X&./! 0$.! ./$4-2-.*&! 6$,.! 2&! ,5;$3A! EFGH>! 0&3/! .34-1! 6&.! */$0&.! 6&! 0M5.0M51;2$/-5,!
.3++&..-7&.! 0$1! 3,&! .*1-,&]/M1*5,-,&! V-,$.&!8! 2$!NEO9LP! =V-,$.&! 6&! 2$! %2;+5%Q,&9.;,/M*/$.&CI! Y&//&!
&,^;)&A! 1&.05,.$42&! 6&! 2$! 0M5.0M51;2$/-5,! 6&! ,5)41&3<! _`! &./! +$0$42&! 6&! 1&+5,,$-/1&! 6&.!








7&1.! 2&! +;/502$.)&I! >$!0M5.0M51;2$/-5,!63!K
&1
!)5/-:! =.31! 2&.! .*1-,&.!JWA! KSS!53!KSbC!B3-! 0&1)&/! 2$!




)5/-:C! RZJJTI! >$! 0M5.0M51;2$/-5,! 0$1! 2$! NEO9LP! .&)42&! ,*$,)5-,.! 1*7&1.-42&A! 7-$! 2$! EY#A! 3,&!
0M5.0M$/$.&! .0*+-:-B3&! 6&! EFGH>A! +$0$42&! 6&! 6*0M5.0M51;2&1! 2&.! 6&3<!)5/-:.! +-42&.! 6&! 2$! NEO9LP!
RLKLTI! H2! &./! *%$2&)&,/! -,/*1&..$,/! 6&! ,5/&1! B3X-2! &<-./&1$-/! 3,&! 75-&! 6&! 6*%1$6$/-5,! 6&! EFGH>A!
-,6*0&,6$,/&!6&!2$!0M5.0M51;2$/-5,!0$1!2$!NEO9LP!$7&+!,5/$))&,/!2X34-B3-/-,&!2-%$.&!_e@>Kb!RLKbTI!
>&.!/1$7$3<!6&!d3!&/!$2I!5,/!0$1!$-22&31.!0&1)-.!2$!6&.+1-0/-5,!6&!2$!.&1-,&!KK!+5))&!3,&!+-42&!6&!2$!
015/*-,&! V-,$.&! #OdKI! >$! 0M5.0M51;2$/-5,! 6&! EFGH>! .31! +&! 1*.-63! &,/1$f,&! .5,! &<051/! 7&1.! 2&!
+;/502$.)&!$01Q.!-,/&1$+/-5,!$7&+!2$!015/*-,&!Kb9L9Lg!RLKhTI!!
\,:-,! -2! $! *%$2&)&,/! */*! 6*+1-/A! 6$,.! 3,! +5,/&</&! -,:2$))$/5-1&A! 3,&! ./$4-2-.$/-5,! 6&! EFGH>! 0$1! 2&!
F_ie! =-,63-/! 0$1! 2&.! +;/5V-,&.! -,:2$))$/5-1&.! +5))&! 2&! `F_jCA! B3-! .&1$-/! +$0$42&! 6X-,63-1&! 2&!
.-%,$25.5)&!Y?#J!=YEFZCA!1&.05,.$42&!6&!2X-,M-4-/-5,!6&!2X34-B3-/-,$/-5,!6&!EFGH>!&/!65,+!$-,.-!6&!.$!
./$4-2-.$/-5,!RLKWTI!
EFGH>! &./! 3,&! 015/*-,&! 2$4-2&A! 65,/! 2$! 6&)-97-&! &./! +531/&! =&,7-15,! Zh!)-,3/&.CI! >&.!)56-:-+$/-5,.!
05./9/1$63+/-5,,&22&.! .5,/! 65,+! &..&,/-&22&.! 0531! )$-,/&,-1! .5,! &<01&..-5,! &/! 2$! 015/*%&1! 6&! 2$!
6*%1$6$/-5,! 0531! B3X&22&! 03-..&! $%-1! +5))&! -,63+/&31! 6X\k`I! >&.! 50/-5,.! 6&! )56-:-+$/-5,.! .5,/!
!#$%&(#)%"*
!"!# $ % & !
!
''!





















7&.! @$5+&)=.! TAU.! .20+! ,04),+.! -$=! *&! ^CY!/! ,*.! -2..g4&0+! 4205! )0! 42($,0&! 41,0+&=$5+,20! $8&5! *&.!
-=2+3,0&.! 9Q;O/! *&! 9OU! KFHHN6! A0@,0/! -2)=! $..)=&=! *&)=.! @205+,20.! 41$5+,8$+&)=.! &+! 4&! =3-=&..&)=.!
+=$0.5=,-+,200&*./! *&.! TAU.! 4,.-2.&0+! 4&! .3>)&05&.! 41,0+&=$5+,20.! $8&5! 4&.! 52E$5+,8$+&)=.! &+! 4&.!






:TY!V! TY! &0! :E+&=/! [TY!V! TY! &0! [E+&=/! 9OU!V! O2($,0&! 41,0+&=$5+,20! $8&5! *&.! -=2+3,0&.! 9($4/! [<O!V! 42($,0&!
41,0+&=$5+,20!$8&5![+U#6!O1$-=g.!h$04&i$**&/!H``_!KFHFN6!
!"#$%&'(#)%"*




#&)! *+,-)*&.! /0-! 1&2&0*$0-! ,-,! 3&0,&.! 1/01&40$0-! 5&.! 3/*6761$-6/0.! 2/.-8-4$*)1-6/00&55&.! *&.!
9:;.<!:0!&77&-=!2&)!*&! .6-&.!*&!3/*6761$-6/0.! ./0-!1/00).=!&-! 5&)4.! 7/01-6/0.! 4&.-&0-!,5).6>&.<!9:;?!




*$0.! 5$!.,C)&01&!*&!9:;HE=!2$4! 5$!24/-,60&!#1H! D)0&!PQRS8:G! 56%$.&E<!P$0.!&77&-!.)4! 5$! 5/1$56.$-6/0!
.)T1&55)5$64&! *&.! 24/-,60&.=! 1&--&! .)3/B5$-6/0! &.-! 1&2&0*$0-! 4&.2/0.$T5&! *&! 5+$)%3&0-$-6/0! *&!
5+60-&4$1-6/0! $>&1! 5$! 24/-,60&! U-;#! D1/8$1-6>$-&)4! *&! 9:;E=! &-! 1/0*)6-! V! )0&! *6360)-6/0! *&.! &77&-.!
4,24&..&)4.=!0/-$33&0-!1&)@!/T.&4>,.!.)4!5+$1-6>6-,!*)!24/3/-&)4!*&!+,-.!FGHWJ<!
X5!$!2$4!$655&)4.!,-,!*,146-!C)&!5+$1,-B5$-6/0!*&!U-;#!D2$4!5$!24/-,60&!2GYY!0)15,$64&E!$)!06>&$)!*&!5$!
5B.60&! ?Y! .&4$6-! 4&.2/0.$T5&! *&! 5$! 3/*)5$-6/0! *&! .$! 5/1$56.$-6/0! 0)15,$64&! &-! */01! *&! 5+$1-6>6-,!
4,24&..6>&!*&.!9:;.=!C)6!0,1&..6-&!)0&!60-&4$1-6/0!$>&1!1&!1/4,24&..&)4!FGHOJ<!
1< /-0-1*
K&.!24/-,60&.!*&!-B2&!TZKZ=!*/0-! 5&!0/3!24/>6&0-!*&! 5&)4!.-4)1-)4&! D>/64!168$24L.E!./0-!*&.![\=!C)6!
7/01-6/00&0-! ./).! 5$! 7/43&! *+A/3/*63L4&.! /)! *+A,-,4/*63L4&.! 2/)4! 4,%)5&4! 5$! .2,16761$-6/0! &-! 5$!
*677,4&016$-6/0!1&55)5$64&<!:55&.!./0-!15$..,&.!&0!*677,4&0-.!%4/)2&.!.&5/0!5&)4!*6.-46T)-6/0!-6..)5$64&!&-!
5&)4!*63,46.$-6/0=!5&.!3/5,1)5&.!*&!15$..&!X!7/43$0-!*&.!*63L4&.!$>&1!1&55&.!*&!15$..&!XX<!]60.6!2$436!
5&.! 24/-,60&.! TZKZ! 63256C),&.! *$0.! 5+:R\=! :?H^:IN! D\U[GE! &-! :H<H! D\U[IE! D3/5,1)5&.! *&! 15$..&.! XE!





K&.! 24/-,60&.! TZKZ! 1/32/4-&0-! )0! */3$60&! T$.6C)&! DTE! *&! 56$6./0! V! 5+]`a! &-! *&)@! A,561&.! b!
$0-62$4$55L5&.=! 4&56,&.! 2$4! )0&! T/)15&! DA,561&8T/)15&8A,561&E=! 0,1&..$64&! V! 5&)4! *63,46.$-6/0! D[6%)4&!
GWE<!`+$)-4&.!*/3$60&.!1/33&!5&!*/3$60&!#]P=!4&-4/)>,!*$0.!5$!.-4)1-)4&!*&.!ZX[.=!/)!5&!*/3$60&!
c!5&)160&8d622&4!e=!4&-4/)>,!*$0.!5$!.-4)1-)4&!*&!RfU=!&@6.-&0-!3$6.!0&!./0-!2$.!24/24&.!V!-/)-&.!5&.!












/52.4,3&!AG)HAB! -05!03&! -45,3&!&3!/2-,.,23!IJC!K&..&!/E2-/E25F*$.,23!641,4&!/$5! *&-!@L#!M,3$-&-!
/NJB!OPM!&.!?QM!3>$!/$-!1>,6/$8.!-05!*$!*28$*,-$.,23!-0:8&**0*$,5&!1&!*$!/52.4,3&B!3,!-05!-&-!8$/$8,.4-!1&!
1,645,-$.,23C! ?3! 5&D$38E&! &**&! /52.R%&! *$! /52.4,3&! 1&! *$! /2*F90:,=0,.,3$.,23! &.! 1238! 1&! -$!
14%5$1$.,23B!8&!=0,!-&!.5$10,.!/$5!03&!$0%6&3.$.,23!1&!-$!1&6,9D,&!SNTUVC!
!" #$%&'(%)*+,-$.'(















`238.,23-! $1E45&3.&-! 641,4&-! /$5! *$! ?98$1E45,3&C! )*-! 1485,D,5&3.! 03&! .5R-! 725.&! 823-&5D$.,23! 1&-!
-4=0&38&-! ?:2+! &3.5&! *>;266&! &.! *$! -205,-B! &.! 14623.5R5&3.! *&! 5X*&! 1&! HPL)<! -05! *>$8.,D,.4! 10!
/5262.&05!1&!2345B!123.!*>$8.,D,.4!&-.!5410,.&!&3!/54-&38&!1&!HPL)<!ST'NVC!!
e&/0,-B! 1,7745&3.-! 648$3,-6&-! 1&! 54/5&--,23! .5$3-85,/.,233&**&! 1&! 2345! 23.! 4.4! 1485,.-C! K&..&!
54/5&--,23!HPL)<914/&31$3.&!/&0.!&3!&77&.!d.5&!10&!Y!f!!
9 03&!1,6,30.,23!1&!*>$84.F*$.,23!1&-!E,-.23&-!;N!&.!;c!&.!03&!$0%6&3.$.,23!1&!*$!64.EF*$.,23!
1&! *$! *F-,3&! '! 1&! *>E,-.23&! ;N! ];NM'_B! 641,4&! /$5! *&! 5&850.&6&3.! 1,5&8.! /$5! HPL)<! 1&-!
E,-.23&-! 14-$84.F*$-&-! ;eLK^B! ;eLKT! &.! 1&! *>LeP! 64.EF*.5$3-745$-&! eP@AB! $,3-,! =0>$0!
5&850.&6&3.!1&!8254/5&--&05-!.5$3-85,/.,233&*-!8266&!6H,3N$!SNTJV!g!
9 03&!64.EF*$.,23!1&!*>LeP!641,4&!/$5!*>,3.&5$8.,23!HPL)<[Z'$B!5&-/23-$:*&!1&!*$!64.EF*$.,23!
1&-! E,-.23&-! ];NM'_! &.! *&! 5&850.&6&3.! 1&! eP@A^B! NL! &.! N\! SNT'VC! K&! 648$3,-6&! &-.!
1>$,**&05-! 4=0,D$*&3.! Y! 8&*0,! 1485,.! *25-! 1&! *$! 54/5&--,23! 1&-! %R3&-! 5&-/23-$:*&-! 1&! *$!
/*05,/2.&38&!SNN(V!g!
9 03! 5&850.&6&3.! 1&-! /52.4,3&-! Hhi^T! &.! ?i;T! 10! 826/*&+&! #2*F826:95&/5&--,D&! 826/*&+!
#QKTB! 5&-/23-$:*&-! 1&! *$! .5,64.EF*$.,23! 1&-! *F-,3&-! ;NMTU! SNN^VB! &.! 10! 6$,3.,&3! 1&! *$!
8E526$.,3&!1$3-!03&!-.508.05&!,3826/$.,:*&!$D&8!*$!.5$3-85,/.,23!+),!;eLK^!&.!;eLKT!SNNTVg!
!"#$%&'(#)%"*
!"!# $ % & !
!
'(!











1$! 0&5-,4=.46+!0*!/7-$+45/&!024+34>4.46+!0&!/012! 0$+5!04JJ7,&+.&5! 14%+7&5! -&11*1$4,&5! -$+-7,&*5&5<!
G@@^HI!
-I 3141.*
#$,/4! 1&5! >?9?5<! -2&5.! =6*,! 1&5! J$-.&*,5! WOZ:W5! U*241! &T45.&! 1&! =1*5! 0&! 06++7&5! 0$+5! 1$! 14..7,$.*,&!






) :LWd<! *+&! /7.381.,$+5J7,$5&! 0&! ?BAPQ! +6.$//&+.! ,&5=6+5$>1&! 0&! 124+34>4.46+! 0&! 1$!
.,$+5-,4=.46+!0&!/012<!/$45!$*554!0&!5678!G@@RH!c!!
) 1&! -6/=1&T&! `4P[\*V;<! ,&-,*.7! =$,! 1&5! 04/e,&5! WOZ:W[WS]@! 9):! 124+.&,$-.46+! $E&-! 1&5!
=,6.74+&5!`WXP<! ?;XSP<! &.! V>X=BbI! S&! -6/=1&T&! &5.! 4/=14U*7! 0$+5! 1$! 075$-7.81$.46+! 0&5!
345.6+&5<!&.!0$+5!1&!,&/60&1$%&!XW#)07=&+0$+.!0&!1$!-3,6/$.4+&!G@@dHI!
;&!J$f6+!4+.7,&55$+.&<!124+.&,$-.46+!0&!WOZ:W!$E&-!M`Z(<!/45&!&+!7E40&+-&!=$,!g$+%!&.!$1I<!$!=&,/45!
0&!07/6+.,&,!U*&! 1$! ,&-6++$455$+-&!02L>6T<!&.! 1$!/7.381$.46+!0&!?@APR!/7047&!=$,!LK?P<!7.$4&+.!
$556-47&5!D!1$!,7=,&5546+!.,$+5-,4=.46++&11&<!16,5U*&!1&5!L>6T!56+.!54.*7&5!0$+5!1&!=,6/6.&*,!=,6T4/$1!




9$! ,7=,&5546+! %7+4U*&! /7047&! =$,! 1&5! ]W! 4+0*-.&*,5! 02L`W! 5&! J$4.! 06+-! 9):! 1&! ,&-,*.&/&+.! 0&!
,7%*1$.&*,5!7=4%7+7.4U*&5!04E&,5<!06+.!1&5!$-.46+5!-6+E&,%&+.!E&,5!1$!-6+0&+5$.46+!0&!1$!-3,6/$.4+&<!
&.! 1$! ,7=,&5546+! .,$+5-,4=.46++&11&I! W,e5! 5-37/$.4U*&/&+.<! 1&! ,&-,*.&/&+.! $*! +4E&$*! 0&! 1$!
-3,6/$.4+&!0&!-6/=1&T&5!/*1.4)=,6.74U*&5!,7=,&55&*,5!0*!.8=&!#618-6/>!C#VSF!C]4%*,&!@b$F<!\*V;!
C]4%*,&! @b>F! 6*! 0&! 9:;(! C]4%*,&! @b-F! $55*,&! ,&5=&-.4E&/&+.! 1$! /7.381$.46+! 0&! ?@APR<! 1$!
075$-7.81$.46+! 0&! ?@A'[(B<! &.! 1$! 07/7.381$.46+! 0&! ?@AB<! ,&5=6+5$>1&5! 0&! 1$! ,7=,&5546+!
!"#$%&'(#)%"*






































*d1&!4$e&=*!8E.+8=-)&=*!8EYABC!$.+,.!c=&! 1$!8&,-*./).0+!8&! 1&=*K,N!408&K,N!8&!8E$-).0+C! 1&,! f$-)&=*,!
!"#$%&'(#)%"*




=$7.! ;&! @86%8$>>&! =&! =9=<DD98&7A<$3<67! 9@<3E9;<$;&! C?<! $! ;<&?! $?! A6?8.! =&! ;F1GH! @6?8! ;&?8.! 8I;&.!
<7E<4<3&?8.!=&!76>48&?J!%K7&.!A6=$73!@6?8!=&.!>$8C?&.!9@<3E9;<$;&.B!-F93?=&!=&!L&!M8$&7&!&3!$;B!$!
@&8><.!;$!><.&!&7!9:<=&7A&!=&!;F<>@683$7A&!=&!A&.!NH!&3!763$>>&73!=&!)*+,-/!&7!=9>6738$73!C?F<;!
@6?:$<3! <7=?<8&! ;$! 89@8&..<67!=&!@8K.!=&!OPQ!%K7&.! <>@;<C?9.!=$7.! ;$!=<DD98&7A<$3<67!9@<3E9;<$;&/! ;&!
>93$46;<.>&!&3!;$!38$7.=?A3<67!=&!.<%7$;/!&3!=$7.!;F<7=?A3<67!=&!R(!%K7&.!S(TOUB!
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Epithelial to Mesenchymal Transition Is Activated in
Metastatic Pheochromocytomas and Paragangliomas
Caused by SDHB Gene Mutations
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Context: Pheochromocytoma and paraganglioma are rare neural-crest-derived tumors. They are
metastatic in 15% of cases, and the identification of a germline mutation in the SDHB gene is a
predictive risk factor for malignancy and poor prognosis. To date, the link between SDHB muta-
tions and malignancy is still missing.
Objective: Epithelial to mesenchymal transition (EMT) is a developmental event, reactivated in
cancer cells to promote cell mobility and invasiveness. The aim of this study was to address the
participation of EMT in the metastatic evolution of pheochromocytoma/paraganglioma.
Design and Patients: Transcriptomic profiling of EMT was performed on 188 tumor samples, using
a set of 94 genes implicated in this pathway. Activation of EMT was further confirmed at protein
level by immunohistochemistry in a second set of 93 tumors.
Results: Hierarchical unsupervised classification showed that most SDHB-metastatic samples clus-
tered together, indicating that EMT is differently regulated in these tumors. Major actors of EMT,
metalloproteases and components of cellular junctions, were either up-regulated (LOXL2, TWIST,
TCF3, MMP2, and MMP1) or down-regulated (KRT19 and CDH2) in SDHB-metastatic tumors com-
pared with nonmetastatic ones. Interestingly, within metastatic tumors, most of these genes
(LOXL2, TWIST, TCF3, MMP2, and KRT19) also allowed us to discriminate SDHB-mutated from
non-SDHB-related tumors. In the second set of tumors, we studied Snail1/2 expression by immu-
nohistochemistry and observed its specific nuclear translocation in all SDHB-metastatic tumors.
Conclusion: We have identified the first pathway that distinguishes SDHB-metastatic from all other
types of pheochromocytomas/paragangliomas and suggest that activation of the EMT process
might play a critical role in the particularly invasive phenotype of this group of tumors. (J Clin
Endocrinol Metab 97: E954–E962, 2012)
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P
heochromocytomas and paragangliomas are rare neu-
roendocrine tumors that arise from neural-crest-de-
rived cells of the sympathetic and parasympathetic nervous
systems. Around 30–40% of these tumors are genetically
determined (1), and up to 10 susceptibility genes have now
been described: the RET protooncogene (2) and the NF1 (3),
VHL (4), SDHA (5), SDHB (6), SDHC (7), SDHD (8), SD-
HAF2 (9), TMEM127 (10), and MAX (11) tumor suppres-
sor genes.
Pheochromocytomas/paragangliomas are malignant in
15% of cases, but to date, there is no validated histological
criterion that allows predicting malignancy on the analysis
of the primary tumor (12). World Health Organization
recommendations of 2004 defined pheochromocytomas
and paragangliomas as malignant tumors by the presence
of metastasis in a nonchromaffin organ (13). Nevertheless,
it was proved that the identification of a germline muta-
tion in the SDHB gene is a risk factor for malignancy (14)
and poor prognosis (15). The reasons for such a specific
association between SDHB gene mutations and invasive-
ness remain unexplained.
Cancer mortality is highly correlated with metastatic
dissemination (16). Epithelial to mesenchymal transition
(EMT) is a phenomenon that normally occurs during em-
bryonic development but that is reactivated in cancer cells
that thereby acquire migratory and invasive properties
(17). During EMT, different expression (or activation) of
specific transcription factors leads to the loss of epithelial
markers and to the acquisition of hallmarks of mesenchy-
mal phenotype (18–20). Cell-cell and cell-matrix junc-
tions are lost, and extracellular matrix is digested by met-
alloproteases, leading to important consequences for cell
mobility and motility (21). Numerous genes and signaling
pathways involved in the different steps of EMT induction
have been identified. Transcription factors associated
with EMT comprise transcription factor (TCF)3, TCF4,
and TCF12 as well as Twist-related protein (TWIST)1,
TWIST2, and SNAIL family [snail homolog (SNAI)1 and
SNAI2] (22). Signalingpathways that triggerEMTinclude
!-catenin, integrins, and growth factors pathways (epi-
dermal, fibroblast, insulin-like, and vascular endothelial
growth factors, TGF-!, bone morphogenetic proteins,
and IL) (23,24).Cell-cell junctionsare tight, adherens, gap
junctions, or desmosomes, but only adherens junctions
and desmosomes have been described to be deregulated in
cancer cells. The most important components of these cell-
cell and cell-matrix junctions are cadherins, armadillo
proteins, and cytoskeleton elements (actin microfilaments
or cytokeratin intermediate filament) (25).
Several arguments are in favor of an implication of
EMT in pheochromocytoma and paraganglioma malig-
nancy. In two studies that respectively analyzed 49 (in-
cluding five metastatic SDHB samples) (26) and 50 tumor
samples (from 42 patients comprising 10 with a metastatic
disease, but without genetic characterization) (27), the
overexpression of TWIST1 and SNAI1 was correlated
with malignancy of pheochromocytoma and paragangli-
oma. Besides, TWIST1 and SNAI1 are induced by hypoxia
(28, 29), a pathway that is known to be activated in SDHx-
and VHL-related tumors (for review, see Ref. 30) and
could therefore participate in SDHB-mediated invasive-
ness. SNAI1 is also activated indirectly by hypoxia, thanks
to lysyl oxidase-like 2 (LOXL2), a hypoxia-induced pro-
tein widely described as implicated in EMT (18).
In this context, and to progress in the understanding of
the metastatic abilities of pheochromocytoma/paragan-
glioma and in particular of SDHB-related tumors, we ex-
plored global EMT in these tumors by taking into account
both patient genotyping and tumor malignancy.
Patients and Methods
Patients and tumor samples
Gene expression data were obtained from a series of 188
tumor samples (Table 1) (31). It comprised 151 adrenal pheo-
chromocytomas, 27 paragangliomas, and six metastases.
Malignancy was defined by the presence of metastases either
at presentation or during a recurrence. Distant metastases were
confirmed by histology or as lesions detected by computed to-
mography or magnetic resonance scans and exhibiting
[123I]meta-iodobenzylguanidine or [111In]octreotide uptake.
The diagnosis of lymph node metastasis was considered only if
validated by pathological analysis or in patients with associated
extra-paraganglionic metastases. Follow-up was performed as
described (32). Germline sequencing was performed for RET,
SDHB, SDHC, SDHD, VHL, TMEM127, and and MAX for all
patients. SDHA sequencing was performed for all patients that
displayed a 5p15 loss of heterozygosity (5) or an SDHA-neg-
ative immunostaining (33). SDHAF2 sequencing was per-
formed only for the patients that displayed an SDH-like tran-
TABLE 1. Genetic characteristics of the tumor samples
included in the microarray study
Total Nonmetastatic Metastatic
Sporadic 119 108 11
RETs 6 6 0
VHLs 11 9 2
Inherited 69 54 15
RET 9 9 0
NF1 9 9 0
VHL 27 24 3
SDHA 1 1 0
SDHB 17 6 11
SDHC 2 1 1
SDHD 3 3 0
TMEM127 1 1 0
Total 188 162 26
s, Somatic mutation.
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scriptome signature (31). Finally, NF1 sequencing was not
performed, the diagnosis being exclusively based on clinical
parameters. Tumor samples lacking germline mutation in the
main susceptibility genes are referred to as sporadic tumors.
This collection displays a distribution of benign, referred to as
nonmetastatic (86%), and malignant, referred to as metastatic
(14%), tumors, and inherited (37%) and sporadic (63%) cases,
which is representative of the proportions previously reported in
large cohorts of patients. Tumor samples were collected by the
COMETE network from 177 patients operated on between 1993
and 2008 in two referral centers in Paris (Georges Pompidou
European Hospital and Cochin Hospital). The procedures used
for pheochromocytoma/paraganglioma diagnosis and genetic
testing were in accordance with institutional guidelines (32).
For immunohistochemistry analyses, we studied 93 paraform-
aldehyde-fixed, paraffin-embedded tumors collected from 81 pa-
tients (Supplemental Table 1, published on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org). Fifty-
nine of these samples were also included in the microarray study. In
this second set of tumors, 24% were metastatic and 54% presented
a mutation in one of the susceptibility genes. Three patients were
diagnosed for type 1 neurofibromatosis (NF1). The genetic testing
identified a RET mutation in four patients, an SDHB mutation in
11patients (fivemetastatic, sixnonmetastatic), anSDHDmutation
in four patients, an SDHC mutation in two patients, a VHL mu-
tation in seven patients, and an SDHA and a TMEM127 mutation
in one patient, respectively. This collection also contained seven
tumors harboring a somatic VHL mutation and one with a somatic
RET mutation (31).
Ethics statement
Informed signed consent for germline and somatic DNA anal-
ysis was obtained from each patient recruited by the COMETE
network, and the study was formally approved by an institu-
tional review board [Comite´ de Protection des Personnes (CPP)
Ile de France III, January, 2007].
Microarray analysis of gene expression
Tumor samples (20–30 mg) were powdered under liquid ni-
trogen. RNA were extracted using RNeasy mini kit (QIAGEN,
Courtaboeuf, France). RNA quality was assessed by electropho-
resis on a Bioanalyzer 2100 (Agilent Technologies, Massy,
France), and quantity was evaluated using a Nano Drop ND-
1000 spectrophotometer (Labtech, Palaiseau, France). Stringent
criteria for RNA quality were applied to rule out degradation,
especially a 28S:18S rRNA ratio above 1.5. Microarray analyses
were performed using 3 !g total RNA of each sample as starting
material and 10 !g cRNA per hybridization (GeneChip Fluidics
Station 400; Affymetrix, High Wycombe, UK). The total RNA
was amplified and labeled following the manufacturer’s one-
cycle target labeling protocol (http://www.affymetrix.com). The
labeled cDNA were then hybridized to HG-U133 Plus 2.0 Af-
fymetrix GeneChip arrays (Affymetrix), and chips were scanned
with a GCOS version 1.4. Those microarrays were described as
being highly reproducible and as displaying a higher level of
concordance with quantitative RT-PCR data than others (34).
Statistical analysis
Except when indicated, all transcriptome analysis was carried
out using either an assortment of R system software (http://
www.R-project.org, version 2.9.1) packages including those of
Bioconductor (35) (version 1.8) or original R code. R packages
and versions are indicated when appropriate. Unsupervised clas-
sification was performed using a list of 94 genes implicated in
EMT (Supplemental Table 2). Such a list was established based
on The Human Epithelial to Mesenchymal Transition (EMT)
RT2 Profiler PCR Array (SABiosciences, Courtaboeuf, France),
and on the literature data.
Supervised analyses of 1) nonmetastatic vs. non-SDHB-met-
astatic tumors, 2) SDHB-metastatic vs. non-SDHB-metastatic,
and 3) nonmetastatic vs. SDHB-metastatic tumors were per-
formed using the StatView software (SAS Institute Inc., Cary,
NC). Differences were evaluated by ANOVA Bonferroni test. A
P value !0.05 was considered statistically significant.
We used the R package affyQCReport to generate a quality
control report for all chips (CEL files) from the Carte d’Identite´ des
Tumeurs (CIT) discovery series. Raw feature data from Affymetrix
HG-U133A Plus 2.0 GeneChip microarrays are normalized using
robust multiarray average method (R Package affy) (36).
Immunohistochemistry
Paraffin-embedded tissues were used to prepare 6-!m sec-
tions, which were mounted on Superfrost plus glass slides.
We used a SNAI1/2 antibody (Abcam, Cambridge, MA;
ab85936, 1/100), and heat-mediated antigen retrieval was per-
formed using 10 mM citrate buffer (pH 6) for 15 min. Biotinylated
secondary antibody (Vector Laboratories, EUROBIO/ABCYS, Les
Ulis, France) was used, because it reacts with avidin-biotin-perox-
idase complex (Vectastain ABC Elite; Vector Laboratories). For
peroxidase activity detection, we used Histogreen (EUROBIO/
ABCYS). Negative control was performed by omitting the primary
antibody.
Acquisitions were performed using Leica DM400B micro-
scope, with "40 objective, thanks to Leica Application Suite
software version 2.8.1 and a Leica DFC420C camera.
All slides were coded and evaluated blindly by two indepen-
dent observers. Slides were either negative or classified according
to the localization of immunolabeling: 1) cytoplasmic, when cells
presented only a cytoplasmic immunolabeling and never a nu-
clear staining; 2) cytoplasmic and nuclear, when the section dis-
played either cytoplasm-restricted or immunostaining in both
cell compartments; and 3) nuclear, when the section displayed
zones of cells with a positive immunostaining in the nucleus and
an absent or very weak signal in the cytoplasm.
Results
EMT is specifically regulated in SDHB-metastatic
pheochromocytomas/paragangliomas
Unsupervised classification of our cohort of 188
pheochromocytomas and paragangliomas was per-
formed using a list of 280 probe sets corresponding to
94 actors of the EMT process (Supplemental Table 2),
comprising early EMT inducers (transcription factors),
members of signaling pathways that trigger EMT (hyp-
oxia, TGF"/bone morphogenetic proteins, growth fac-
tors, and "-catenin pathways), and components of cell-
cell and cell-matrix junctions. Such analysis identified
two main clusters in the higher partition (Fig. 1). The
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first one comprised 103 samples including 79 sporadic
samples, eight of nine NF1 tumors, eight of nine RET
samples, all (six of six) samples with a somatic RET mu-
tation, the TMEM127-related tumor, and one of the three
SDHD-mutated tumors. It contained only four metastatic
samples, all sporadic. The second one, which contained 22
of 26 metastatic samples, was divided into two subclus-
ters. One was composed of 72 samples, including 39 in-
herited tumors (all VHL, SDHA, and SDHC samples, five
of 17 SDHB, two of three SDHD, one of nine RET, and
one of nine NF1 tumors) and 33 sporadic ones. It included
58 nonmetastatic and 14 metastatic tumors (three of 11
SDHB, one of one SDHC, three of three VHL, two of two
VHLs, and five of nine sporadic). The second subcluster
contained 13 samples including eight SDHB-metastatic,
four SDHB-nonmetastatic, and one sporadic nonmeta-
static tumor. Hence, all but three SDHB-metastatic tu-
mors of the series (eight of 11, 73%) were isolated in this
last cluster (Fig. 1).
LOXL2, TWIST1, and TCF3 are overexpressed in
SDHB-metastatic pheochromocytoma
We precisely assessed the microarray RNA expression
profile of some important actors of the EMT pathway,
such as LOXL2, and the basic helix-loop-helix proteins
TWIST1 and TCF3. We compared the gene expression
data of each one in nonmetastatic (n ! 162), non-SDHB-
metastatic (n ! 13), and SDHB-metastatic (n ! 11) tu-
mors (Fig. 2A). LOXL2 and TWIST1 RNA levels of ex-
pression were markedly increased in SDHB-related
metastatic tumors compared both with nonmetastatic
[fold change (Fc) ! 5.02, P " 0.0001; Fc ! 14.74, P "
0.0001] and also with non-SDHB-metastatic ones (Fc !
2.9, P " 0.0001 and Fc ! 6.1, P " 0.0001, respectively).
Although to a lesser extent, TCF3 was also significantly
up-regulated in SDHB-metastatic samples compared with
nonmetastatic (Fc ! 1.57, P " 0.0001) and with non-
SDHB-metastatic tumors (Fc ! 1.2, P " 0.05). A slight
up-regulation of TCF3 was also observed in non-SDHB-
FIG. 1. Microarray analysis of EMT in pheochromocytoma/paraganglioma. Unsupervised hierarchical clustering analysis of 188 samples according
to the expression of 94 genes implicated in the EMT pathway. Expression profiles are shown as a heatmap indicating high (red) and low (blue)
expression according to a log2-transformed scale. The higher partition allows distinguishing all SDHB-metastatic pheochromocytoma/
paraganglioma from all others patients. Black squares indicate the presence of an event or of a mutation in the corresponding tumor
samples.
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metastatic tumors compared with nonmetastatic ones
(Fc ! 1.3, P " 0.001).
SDHB-metastatic tumors lose cell-cell and
cell-matrix junction markers
We further studied the expression of cell-cell and cell-
matrix junction components. In adrenal medulla, which
derives from neural crest cells, the only expressed cadherin
is neural cadherin (N-cadherin) (37).
We found a major down-regulation of KRT19 that en-
codesan intermediate filament required fordesmosomesand
hemi-desmosomes formation, in SDHB-metastatic vs. non-
metastatic and non-SDHB-metastatic samples (Fc ! #42.4,
P " 0.001; and Fc ! #38.4, P " 0.01, respectively). CDH2,
which encodes N-cadherin, was moderately but significantly
down-regulated in SDHB-metastatic vs. nonmetastatic sam-
ples (Fc ! #1.65, P " 0.05) (Fig. 2B).
We also observed differences in the expression of
MMP1 and MMP2, two metalloproteases implicated in
cell-matrix adhesion. In SDHB-metastatic tumors vs. non-
metastatic tumors, MMP1 was clearly up-regulated (Fc !
4.7, P " 0.01), whereas MMP2 presented a minor up-
regulation (Fc ! 1.12, P " 0.01). MMP2 was also slightly
increased in SDHB-metastatic tumors vs. non-SDHB-
metastatic samples (Fc ! 1.18, P " 0.01).
Pseudohypoxia partially participates in the
regulation of EMT in pheochromocytomas and
paragangliomas
LOXL2, TWIST1, and TCF3 are transcriptionally in-
duced by hypoxia. We thus postulated that their overex-
pression in SDHB-metastatic tumors may reflect the pseu-
dohypoxic drive known to be associated with succinate
dehydrogenase (SDH) inactivation (38). We thus evalu-
ated the levels of expression of the previously analyzed
EMT-associated genes in several subgroups of inherited
tumors and compared them with those observed in the
group of nonmetastatic sporadic tumors, used as a control
(Supplemental Fig. 1).
Although to a lesser extent than that observed in
SDHB-metastatic samples, we did observe a significant
overexpression of LOXL2 and partly of TCF3 in pseudo
hypoxic tumors harboring VHL and/or SDHD genes mu-
tations. Accordingly, CDH2 tended to be down regulated
in SDHD and VHL samples compared with nonmetastatic
sporadic. In contrast, TWIST1, KRT19 and MMP1
seemed to be specifically regulated in SDHB-mutated met-
astatic tumors.
SDHB-related tumors display SNAI1/2 nuclear
translocation
SNAI1/2 is a transcription factor that represses the ex-
pression of ectodermal genes within the mesoderm and
plays a critical role during mesoderm formation in the
embryo. It is implicated in metastasis and is sufficient to
induce EMT (18, 22, 39).
We analyzed its mRNA expression in our large co-
hort of 188 samples but found no major difference in its
expression in any of the groups studied by microarray
(Supplemental Fig. 1). We then studied SNAI1/2 protein
expression by immunohistochemistry on 93 paraffin-
embedded tumor samples (Supplemental Table 1). We
FIG. 2. Early markers of EMT and effects on cell-cell and cell-matrix junction components in pheochromocytoma/paraganglioma. Microarray
evaluation of LOXL2, TWIST1, and TCF3 (A) and of CDH2, KRT19, MMP1, and MMP2 (B) expression. Comparisons were between nonmetastatic
(n ! 162) and non-SDHB-metastatic (n ! 13), nonmetastatic and SDHB-metastatic (n ! 11), and non-SDHB-metastatic and SDHB-metastatic
tumors. Expression levels are presented relative to the nonmetastatic group; data are mean $ SEM. ****, P " 0.0001; ***, P " 0.001; **, P "
0.01; *, P " 0.05; ns, not significant.
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did not find any quantitative difference in the level of
protein expression in nonmetastatic vs. metastatic tu-
mors, but interestingly, we observed modifications in its
cellular sublocalization between tumor types. Tumors
were thus classified in four different subgroups according
to SNAI1/2 localization (Table 2). There was no expres-
sion of the protein in six nonmetastatic tumors (Fig. 3A).
Fifty-one tumor samples displayed a cytoplasmic expres-
sion of SNAI1/2 (Fig. 3B), and 19 samples showed both
cytoplasmic and nuclear expression (Fig. 3C). The latter
groups contained various types of tumors (indifferently
nonmetastatic, metastatic, genetically determined, and
sporadic). Finally, SNAI1/2 was restricted to the nucleus
in 17 samples (Fig. 3D). This group included all SDHB-
related metastatic tumors.
Discussion
In this study, we evaluated the expression of early
markers of epithelial to mesenchymal transition such as
LOXL2, TWIST1, TCF3, or SNAI1/2, as well as cell-
cell and cell-matrix junction components, in a large co-
hort of pheochromocytomas and paragangliomas. Our
results reveal that EMT is specifically induced in
SDHB-related metastatic tumors and suggest that
this process may be responsible, or at least involved, in
the acquisition of the particular metastatic properties of
this subset of tumors. These data provide the first rel-
evant clue to elucidate the link between SDHB-related
pheochromocytoma/paraganglioma and metastatic
diffusion.
To evaluate the hypothesis of a role
of EMT in metastatic pheochromocy-
toma and paraganglioma, we used the
microarray expression profile of 94
EMT-associated genes to perform an
unsupervised classification of 188
pheochromocytomas and paragan-
gliomas that comprised 26 metastatic
samples. This study led to a partition
in two clusters. Interestingly, all but
four metastatic samples were classi-
fied in the second cluster. These four
samples all corresponded to patients af-
fected by sporadic, slowly evolving ad-
renal pheochromocytomas (three are
still alive 22, 23, and 25 yr after the first
surgery, respectively, and one died 36
yr after the first surgery). In the second
cluster, a subgroup of 13 tumors was
isolated; it comprised all SDHB-mu-
tated metastatic tumors, except three
samples. To our knowledge, this is the
first transcriptome-based classification
FIG. 3. Differential localization of SNAI1/2 in pheochromocytoma/paraganglioma. SNAI1/2
immunohistochemistry was performed on 93 samples. Tumors were classified regarding
SNAI1/2 protein localization, which was either absent (A), restricted to the cytoplasm (B),
cytoplasmic and nuclear (C), or strictly nuclear (D). Calibration bar, 50 !m.
TABLE 2. SNAI1/2 localization according to tumor type







NF1 nonmetastatic (n ! 3) 2 1
RET nonmetastatic (n ! 5) 5
SDHA nonmetastatic (n ! 2) 2
SDHB metastatic (n ! 9) 9
SDHB nonmetastatic (n ! 6) 1 3 2
SDHC nonmetastatic (n ! 2) 2
SDHD nonmetastatic (n ! 5) 1 2 2
TMEM127 nonmetastatic (n ! 2) 2
VHL metastatic (n ! 2) 2
VHL nonmetastatic (n ! 14) 1 9 1 3
Sporadic metastatic (n ! 11) 7 2 2
Sporadic nonmetastatic (n ! 32) 3 17 9 3
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that leads to the isolation of such a subgroup of SDHB-
metastatic tumors. This cluster also contained four SDHB
nonmetastatic tumors (Supplemental Table 3, patients 1,
4, 5, and 6). The question of the true benignity of a tumor
is always difficult in pheochromocytomas and paragan-
gliomas, particularly in an SDHB-mutated context. These
tumors corresponded to four young patients at diagnosis
(10–33 yr old). One of them presents a lung nodule, which
is putatively a metastasis of his pheochromocytoma. How-
ever, in the absence of histological confirmation or
[123I]meta-iodobenzylguanidine or [111In]octreotide up-
take, we cannot classify him in the metastatic group, ac-
cording to our diagnostic criteria. One has a very long
disease-free survival without recurrence (30 yr) compared
with the two others (respectively, 0 and 11 yr after diag-
nosis) (Supplemental Table 3). Hence, we cannot exclude
that three of these four patients are actually affected by a
malignant, not yet metastatic form of their disease. They
should now benefit from specific attention in follow-up.
The last tumor was a sporadic nonmetastatic paragangli-
oma, which systematically clusterized with SDHx-related
tumors in global unsupervised classification and which we
recently defined as a pseudo-SDHx tumor (31). Here, we
confirm this observation and suggest that this tumor is
actually similar to SDHB-metastatic ones.
TWIST1, LOXL2, TCF3, and SNAI1/2 have been de-
scribed to be implicated in the metastatic process of nu-
merous malignant diseases such as breast (20, 39), pan-
creatic, adrenal (26, 40), or renal (19) cancer. Here, we
show that not only LOXL2 and TWIST1 but also TCF3
are significantly up-regulated in SDHB-metastatic sam-
ples, which suggests that they may also be key partners of
SDHB-dependant pheochromocytoma/paraganglioma
malignancy. These genes are known to be overexpressed in
hypoxic conditions (19, 28, 29). Although pseudohypoxia
does appear to participate in the induction of LOXL2 or
TCF3 in SDHB-related tumors, this process does not ex-
plain the global activation of EMT observed in this subset
of tumors. Indeed, the global activation of this pathway
(up-regulation of LOXL2, TWIST1, TCF3, MMP1, and
MMP2, combined with the down-regulation of CDH2
and KRT19) seemed to be restricted to the association of
an SDHB mutation with a metastatic phenotype. For
example, TWIST overexpression and SNAIL nuclear
translocation seem to be very specific of SDHB-metastatic
samples. Hence, we speculate that SDHB may modulate
EMT-associated genes in a distinctive way, not found in
other SDHx- or VHL-related tumors.
SNAIL is sufficient to induce EMT in cancer cells (18,
39), and two studies recently described a correlation be-
tween its overexpression and malignancy in pheochromo-
cytoma and paraganglioma (26, 27). In this study, we did
not observe a significant increase in SNAI1/2 expression in
the group of metastatic tumors, neither by microarray nor
by immunohistochemistry. In contrast, we observed a dra-
matic change in SNAI1/2 localization, which was specif-
ically translocated to the nucleus in all SDHB-metastatic
tumors. The reason for such a discrepancy with the pre-
viously reported studies may be due to differences in an-
tibodies or immunohistochemistry techniques but is dif-
ficult to address because one did not report the genotype
of the patients and the other contained only three SDHB
metastatic patients. Such nuclear translocation, which re-
flects the activation of SNAI1/2 as a transcription factor,
may be the initial step in the activation of EMT, leading to
metastasis in SDHB-mutated cells. The mechanism in-
volved in this process remains unknown but also appears
to be independent of the pseudohypoxic status. It suggests
an unexpected and new function of SDHB that will have
to be further addressed. Anyhow, SNAI1/2 nuclear trans-
location could be a criterion allowing gathering of all
SDHB-metastatic tumor and should be further studied as
an innovative prognostic or therapeutic target for patients
affected by SDHB-related metastatic pheochromocytoma
or paraganglioma.
In conclusion, this study identifies EMT as the first
pathway that may be responsible for the specific meta-
static properties of SDHB-related pheochromocytoma or
paraganglioma and suggests that SNAI1/2 nuclear trans-
location may be used as a histological marker of malig-
nancy for SDHB-related tumors. Although these obser-
vations will have to be validated prospectively in other
large series of tumors, they may lead to important clinical
consequences in the management of patients harboring
SDHB mutations.
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1 * 39 M - B RA C 
2  36 F - B CPG C + N 
3 * 28 M - B RA C 
4  ns F - B CPG C + N 
5  56 F - B APG C 
6 * 33 M - B RA Neg 
7 * 85 F - B RA C 
8 * 54 F - B RA C 
9  61 F - B RA C 
10  62 M - B RA C 
11  34 M - B ns C 
12 * 28 M - B RA C 
13 * 62 M - B ns C + N 
14 * 36 F - B LA C 
15 * 40 F - B LA Neg 
16  ns M - B ns C 
17 * 66 F - B RA C 
18 * 50 F - B APG C 
19 * 27 M - B RA N 
20  ns F - B ns C+ N 
21 * 57 F - B LA N 
22  81 F - B RA C + N 
23 * 31 F - B APG C + N  
24 * 56 F - B RA C 
25  63 F - B RA C 
26 * 71 F - B RA Neg 
27  36 M - B RA C 
    - B LA C 
28  16 F - B TPG C + N 
29 * 42 F - B LA N 
30 * 63 M - B RA C + N 
31  71 F - B APG C + N 
32  47 M - M APG C 
33  81 M - M RA C 
34  51 M - M APG C + N 
35 * 42 F - M APG C 
 *   - M APG C 
36  58 M - M meta C 
37  47 M - M LA C 
38  66 M - M LA C + N 
39 * 48 M - M LA C 
40 * 74 F - M meta N 
41 * 65 F - M meta N 
42 * 41 F NF1 B LA C + N 
43 * 47 F NF1 B LA C 
44 * 41 F NF1 B LA C 
45 * 33 F RET B LA C 
46 * 81 F RET B LA C 
47 * 66 F RET B RA C 
48 * 36 F RET B RA C 
49 * 75 M RETs B LA C 
50  50 M SDHA B APG C 
    SDHA B APG C 
51 * 24 F SDHB B LA C + N 
52  20 F SDHB B ns Neg 
53  23 F SDHB B LA C 
54  41 F SDHB B CPG C + N 
55 * 42 F SDHB B LA C 
56  30 M SDHB B APG C 
57 * 48 F SDHB M meta N 
58 * 54 F SDHB M APG N 
59 * 35 M SDHB M RA N 
 *    SDHB M meta N 
 *    SDHB M meta N 
 *   SDHB M meta N 
60  62 M SDHB M APG N 
    SDHB M APG N 
61  55 F SDHB M RA N 
62  55 F SDHC B CPG C + N 
63 * 21 F SDHC B TPG C + N 
64 * 69 M SDHD B CPG C 
65  50 M SDHD B ns C 
    SDHD B ns Neg 
66  ns M SDHD B CPG C + N 
67 * 45 M SDHD B CPG C + N 
68 * 59 F TMEM127 B APH C 
 *   TMEM127 B APH C 
69 * 31 M VHL B ns C 
 *   VHL B ns N 
70 * 26 M VHL B RA N 
71 * 28 M VHL B APH C 
 *   VHL B APH N 
72 * 20 F VHL B RA C 
73 * 38 M VHL B LA C 
74 * 25 F VHL B APG C 
75 * 33 M VHL B RA C 
76 * 57 M VHL B LA C 
77 * 35 F VHLs B LA C + N 
78  27 M VHLs B APG C 
79 * 23 M VHLs B RA C 
80 * 32 F VHLs B RA Neg 
81 * 34 F VHLs M APG C 
 *   VHLs M APG C 
 
SUPPLEMENTAL TABLE 1: Biological and clinical data and results of SNAI1/2 
immunohistochemistry 
APH: Adrenal pheochromocytoma, LA: Left adrenal, RA: Right adrenal,  
APG: Abdominal paraganglioma, TPG: Thoracic paraganglioma,  
CPG: Cervical paraganglioma, meta: metastasis, 
B: Benign, M: Malignant 
* indicates patients also present in the microarray study 
s: somatic mutation, ns: not specified 
C: cytoplasmic, C+N: cytoplasmic and nuclear, N: nuclear, Neg: absence of expression 

Gene Bank Symbol Description 
NM_024060 AHNAK AHNAK nucleoprotein 
NM_005163 AKT1 V-akt murine thymoma viral oncogene homolog 1 
NM_006129 BMP1 Bone morphogenetic protein 1 
NM_001719 BMP7 Bone morphogenetic protein 7 
NM_004342 CALD1 Caldesmon 1 
NM_018584 CAMK2N1 Calcium/calmodulin-dependent protein kinase II inhibitor 1 
NM_001233 CAV2 Caveolin 2 
NM_004360 CDH1 Cadherin 1, type 1, E-cadherin (epithelial) 
NM_001792 CDH2 Cadherin 2, type 1, N-cadherin (neuronal) 
NM_000089 COL1A2 Collagen, type I, alpha 2 
NM_000090 COL3A1 Collagen, type III, alpha 1 
NM_000393 COL5A2 Collagen, type V, alpha 2 
NM_001904 CTNNB1 Catenin (cadherin-associated protein), beta 1 
NM_004949 DSC2 Desmocollin 2 
NM_004415 DSP Desmoplakin 
NM_005228 EGFR Epidermal growth factor receptor (erythroblastic leukemia viral (v-erb-b) oncogene homolog, avian) 
NM_001982 ERBB3 V-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (avian) 
NM_000125 ESR1 Estrogen receptor 1 
NM_144503 F11R F11 receptor 
NM_005130 FGFBP1 Fibroblast growth factor binding protein 1 
NM_002026 FN1 Fibronectin 1 
NM_005251 FOXC2 Forkhead box C2 (MFH-1, mesenchyme forkhead 1) 
NM_003507 FZD7 Frizzled homolog 7 (Drosophila) 
NM_004126 GNG11 Guanine nucleotide binding protein (G protein), gamma 11 
NM_173849 GSC Goosecoid homeobox 
NM_002093 GSK3B Glycogen synthase kinase 3 beta 
NM_003483 HMGA2 High mobility group AT-hook 2 
NM_001552 IGFBP4 Insulin-like growth factor binding protein 4 
NM_000577 IL1RN Interleukin 1 receptor antagonist 
NM_004517 ILK Integrin-linked kinase 
NM_002205 ITGA5 Integrin, alpha 5 (fibronectin receptor, alpha polypeptide) 
NM_002210 ITGAV Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51) 
NM_002211 ITGB1 Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 includes MDF2, MSK12) 
NM_000214 JAG1 Jagged 1 (Alagille syndrome) 
NM_000526 KRT14 Keratin 14 
NM_002275 KRT15 Keratin 15 
NM_000422 KRT17 Keratin 17 
NM_000224 KRT18 Keratin 18 
NM_002276 KRT19 Keratin 19 
NM_005556 KRT7 Keratin 7 
NM_002273 KRT8 Keratin 8 
NM_001178102 LOX Lysyl oxidase 
NM_002318 LOXL2 Lysyl oxidase-like 2 
NM_005909 MAP1B Microtubule-associated protein 1B 
NM_000248 MITF Microphthalmia-associated transcription factor 
NM_001145938.1 MMP1 Matrix metallopeptidase 1 (interstitial collagenase) 
NM_004530 MMP2 Matrix metallopeptidase 2 (gelatinase A, type IV collagenase) 
NM_002422 MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 
NM_004994 MMP9 Matrix metallopeptidase 9 (gelatinase B, type IV collagenase) 
NM_002444 MSN Moesin 
NM_002447 MST1R Macrophage stimulating 1 receptor (c-met-related tyrosine kinase) 
NM_018055 NODAL Nodal homolog (mouse) 
NM_017617 NOTCH1 Notch homolog 1, translocation-associated (Drosophila) 
NM_015901 NUDT13 Nudix (nucleoside diphosphate linked moiety X)-type motif 13 
NM_002538 OCLN Occludin 
NM_002609 PDGFRB Platelet-derived growth factor receptor, beta polypeptide 
NM_016445 PLEK2 Pleckstrin 2 
NM_015704 PPPDE2 PPPDE peptidase domain containing 2 
NM_005607 PTK2 PTK2 protein tyrosine kinase 2 
NM_003463 PTP4A1 Protein tyrosine phosphatase type IVA, member 1 
NM_006908 RAC1 Ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein Rac1) 
NM_002923 RGS2 Regulator of G-protein signaling 2 
NM_002961 S100A4 S100 calcium binding protein A4 
NM_000602 SERPINE1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1 
NM_003616 SIP1 Survival of motor neuron protein interacting protein 1 
NM_005901 SMAD2 SMAD family member 2 
NM_005985 SNAI1 Snail homolog 1 (Drosophila) 
NM_003068 SNAI2 Snail homolog 2 (Drosophila) 
NM_178310 SNAI3 Snail homolog 3 (Drosophila) 
NM_006941 SOX10 SRY (sex determining region Y)-box 10 
NM_003118 SPARC Secreted protein, acidic, cysteine-rich (osteonectin) 
NM_000582 SPP1 Secreted phosphoprotein 1 
NM_003150 STAT3 Signal transducer and activator of transcription 3 (acute-phase response factor) 
NM_012449 STEAP1 Six transmembrane epithelial antigen of the prostate 1 
NM_003200 TCF3 Transcription factor 3 (E2A immunoglobulin enhancer binding factors E12/E47) 
NM_003199 TCF4 Transcription factor 4 
NM_006528 TFPI2 Tissue factor pathway inhibitor 2 
NM_000660 TGFB1 Transforming growth factor, beta 1 
NM_003238 TGFB2 Transforming growth factor, beta 2 
NM_003239 TGFB3 Transforming growth factor, beta 3 
NM_003254 TIMP1 TIMP metallopeptidase inhibitor 1 
NM_003692 TMEFF1 Transmembrane protein with EGF-like and two follistatin-like domains 1 
NM_178031 TMEM132A Transmembrane protein 132A 
NM_014399 TSPAN13 Tetraspanin 13 
NM_000474 TWIST1 Twist homolog 1 (Drosophila) 
NM_004385 VCAN Versican 
NM_003380 VIM Vimentin 
NM_033305 VPS13A Vacuolar protein sorting 13 homolog A (S. cerevisiae) 
NM_000638 VTN Vitronectin 
NM_004626 WNT11 Wingless-type MMTV integration site family, member 11 
NM_003392 WNT5A Wingless-type MMTV integration site family, member 5A 
NM_032642 WNT5B Wingless-type MMTV integration site family, member 5B 
NM_030751 ZEB1 Zinc finger E-box binding homeobox 1 
NM_014795 ZEB2 Zinc finger E-box binding homeobox 2 
 














Date of most 
recent contact 
1 2007 33 c.200+1G>A APG - NA 12/07 
2 2003 32 c.268C>T APG - - Lost to follow-up 
3 1994 36 c.591del APG - NA 
09/95  
Lost to follow-up 
4 2007 20 c.166_170del LA 
Suspicion of 
lung meta NA 02/11 
5 1981 10 c.713del APG - NA 02/12 
6 2000 21 c.758G>A LA - NA 11/11 
7 2000 31 c.136C>G LA - NA 02/05 
8 1996 59 c.203G>A RA lymph nodes NA 12/05 
9 1991 29 c.127G>C APG 
lymph nodes, 
bones, lung & 
liver 2001  
10 1989 38 c.758G>A Meta
lymph nodes, 
lung &liver 1998  
11 1995 24 c.620_621del APG  
lymph nodes & 
bones 2001  
12 2003 47 c.540+2T>C APG other NA 02/12 





bones & liver 2007  
14 2001 28 c.1-?_72+?del LA 
lymph nodes, 
liver & other 2001  
15 2003 44 c.689G>A APG bones  2004  
16 2004 56 c.689G>A LA 
lymph nodes, 
bones, lung & 












*+,-.! &/0! 1$! 234&! 5&! /4%6$14/$0436! 578940&! 5$6/! 1&! :938&//;/! 5&! 54//7<46$0436! <70$/0$04=;&! 5&/!
0;<&;9/! 7:40>714$1&/?! =;4! :&95&60! 1&;9/! 8$9$80794/04=;&/! $;! :93@40! 5&! <$9=;&;9/! 5&! 0A:&/!
<7/&68>A<$0&;BC!D46/4?!41!:&;0!:$9$E09&!46$57=;$0!5&!:$91&9!5+,-.!5$6/!1&!8$59&!5&!#FFG#H*?!=;4!/&!




1$! <4/&! &6! M&;! 5&! 54@@79&60/! 97%;1$0&;9/! <3178;1$49&/! 5&! 1+,-.! 5$6/! 1&/! 8&11;1&/! 6&;93&6538946&/!







PR'S?! 63;/! 6+$236/! :$/! :;!<&009&! &6! 7245&68&! 1&! T!/U408>!V! 5&! 1$! ,N8$5>7946&! 2&9/! 1$!WN8$5>7946&!
5$6/! 1&/! #FFG#H*! 3456N<$146/C! ,6! 9&2$68>&?! 63;/! $236/! 3J/&927! ;6&! /3;/N&B:9&//436! 5&! 1$! WN
8$5>7946&!=;4!&/0!&B:94<7&!5$6/!1&/!#FFG#H*C!,0366$<<&60?!1$!54<46;0436!5&!1+&B:9&//436!5&!8&00&!
:930746&! 4<:14=;7&! 5$6/! 1+$5>7/436! @38$1&! 5&/! 8&11;1&/! /+$883<:$%6&! 5+;6&! $;%<&60$0436! 5&!
1+&B:9&//436! 5&! 1$! .XN8$5>7946&! YFLZ'([! /;%%79$60! :&;0NI09&! 5$6/! 1&/! 8&11;1&/! 6&;93&6538946&/! ;6!
T!/U408>!V!WN8$5>7946&G.XN8$5>7946&C!
JC )'(708/912,&012(2&(%'(:0;21&012(
#$9<4! 1&/!<$9=;&;9/!<7/&68>A<$0&;B?! 1$! @4J936&8046&!&0! 1$!24<&6046&! /360! 8&;B!=;&! 1+36! 9&093;2&!
09\/!1$9%&<&60!578940/!83<<&!465;40/!$;!83;9/!5&!1$!09$6/40436!5&/!8&11;1&/C!L$6/!6309&!83>390&?!!63;/!
$236/! 3J/&927! ;6&! 0&65$68&! K! 1+465;80436! 09$6/894:04366&11&! 5&! 1$! 24<&6046&! &0! 5&! 1$! @4J936&8046&!
5$6/! 1&/! 78>$6041136/! 3456N<$146/?! 83<:$9$042&<&60! $;B! $;09&/! 78>$6041136/! <$146/?! <$4/! $;//4!
83<:$9$042&<&60!$;B! 0;<&;9/!J764%6&/C! ]1! /&9$40! 8&:&65$60! 46079&//$60!5&! 2794@4&9! 8&00&! 0&65$68&!
&6!70;54$60!1&;9!:93@41!5+&B:9&//436!:93074=;&!/;9!5&/!83;:&/!5&!04//;/C!
8C )'(<"/'&012(=>(
*&/!^79$046&/!/360! 4<:14=;7&/!5$6/! 1$! @39<$0436!5;!8A03/=;&1&00&!5&! @41$<&60/! 460&9<754$49&/C!*&;9!
460&9$80436! $2&8! 1&! 8A03/=;&1&00&! 5+$8046&?! $46/4! =;&! 1&;9! 9_1&! /0$J414/$0&;9! 5&/! 5&/<3/3<&/! 1&;9!
836@\9&60! ;6! 9_1&! 8&11;1$49&! 4<:390$60! 5$6/! 1&/! :938&//;/! 5`$5>7/436! &0! 5&!<3J41407! 8&11;1$49&C! *&/!
8A03^79$046&/!/`$//384&60!03;M3;9/!&6!>7079354<\9&/!5&!8A03^79$046&/!5&!0A:&!]!&0!5&!0A:&!]]?!$46/4!1$!
^79$046&!')!&/0!&6!$//384$0436!$2&8!1$!^79$046&!aC!!
*$!=;$/4N&B04680436! %764=;&!5&! 1$! ^79$046&!')! $;!642&$;!5;!<&//$%&9! /;%%79$40! =;&! 1+70;5&!5&! /36!
&B:9&//436! :93074=;&! :3;99$40! /+$279&9! I09&! ;041&! :3;9! 570&80&9! 1&/! 0;<&;9/! 3456C! F&:&65$60?! 1&/!
$6$1A/&/!4<<;63>4/038>4<4=;&/!97$14/7&/!/;9!5&/!78>$6041136/!0;<39$;B!6&!63;/!360!:$/!:&9<4/!5&!
839971&9! 1&! 642&$;! 5+&B:9&//436! 5&! 1+DbW<! K! 8&1;4! 5&! 1$! :930746&C! ,6! &@@&0?! $139/! =;&! 1+&B04680436!
!"#$%&'&#(
!"!# $ % & !
!
''(!







































V?-*&! I$W2*! +*0)1&//$*0&7! 4?$*$4J/&! .&! 4$! /-13+&! .&/! 9$0+&*0/! &*! I2*;0+2*! .-! 1)/-40$0! .&!
4?+55-*25$1,-$%&!XYD'>!1)3Z4&!-*&!I210&!$//2;+$0+2*!.&!4$!/-13+&!$3&;!-*!+55-*25$1,-$%&!92/+0+I!
@A+%-1&!BKFG![&9&*.$*07!$-<!3-&/!.&!4$!01Z/!I210&!;211)4$0+2*!&*01&!5-0$0+2*/!-./0!&0!&<0+*;0+2*!.&!4$!













<$30-)@! &9! F! 1/B$-9033.-)! )*+,><$30-)! )41/B$::&-9! =8! /38)9&;! G?H?! IJ0-! =&! <0&8K! /.<:;&-=;&! /&)!




3&)! 98<&8;)! :;1)&-9$-9! 8-&! $/90E$90.-! =&! 3$! E.0&! =&! 34567@!<$T.;09$0;&<&-9! $))./01&! $8K! 98<&8;)!
)*+,><$30%-&)?! U&)! 98<&8;)! :;1)&-9&-9! 8-&! 0-=8/90.-! =&! *)7@! 89:)8;@! <*+;=@! &9! >>7;! $0-)0!





















;<=);>7! *-&! /3+3-*.3,-! /&! 0$! ?*+7! &.! /&! @!;>A7! $3-53! >*A*-&! $*%+&-.$.3,-! /&! 0A&K19&553,-! /&!
BBC>7!BBCA( &.! ?*+>D;! J&5! >*&0>*&5! $9%*+&-.5! 23&-! >*&! 1&*! 9&1965&-.$.3B5! /&! 0ATSU! /$-5! 5$!
%0,2$03.6! 9&1965&-.&-.! -6$-+,3-5! 0&5!+$9>*&*95! 0&5! 10*5! 53%-3B34$.3=&+&-.! /3BB69&-.57! *.303565! 1,*9!





















)$*+! *,-.&! /-01&2! *,0+! *3$4,*+! 5$+! 67+! &*! /471&*8&! 1&! 1799/.&*8&+! 13&:5.&++7,*! 1&! ;<=>?@! A*!
.&4$*8B&!*,+!./+0C-$-+!+0%%D.&*-!E0&!83&+-!C$!./%0C$-7,*!1&!+$!C,8$C7+$-7,*!E07!$0.$7-!0*!.FC&!1$*+!C$!
./%0C$-7,*! 1&! +,*! $8-747-/! &-! 1,*8! 1$*+! C$! ./%0C$-7,*! 1&! C3AGH@! H,0-&+! C&+! -06&0.+!)*+,I6$C7%*&+!
5./+&*-&*-!0*&!&:5.&++7,*!*08C/$7.&!1&!;<=>?2!8&!E07!+0%%D.&!0*&!9,.-&!$++,87$-7,*!&*-.&!C$!./-&*-7,*!
*08C/$7.&!1&!C$!5.,-/7*&!&-!C&!+-$-0-!)*+,I6$C7*!1&+!5$-7&*-+@!!
J,66&!*,0+! C3$4,*+!40!5./8/1&66&*-2! ;<=>?!&+-!0*&!5.,-/7*&! 7*+-$KC&!1,*-! C3&:5.&++7,*!&+-! -.D+!
97*&6&*-! ./%0C/&@! ;$! -.$*+C,8$-7,*! *08C/$7.&! &-! +$! ./-&*-7,*! $0! *,L$0! +,*-! 1&+! 5.,8&++0+! 9$7+$*-!
7*-&.4&*7.! 1&! *,6K.&0+&+! 5.,-/7*&+2! .&+5,*+$KC&+! 1&! 6,17978$-7,*+! 5,+-! -.$108-7,**&CC&+! E07!








,.%$*7+6&! 8B&V! C&E0&C! 7C! $! /-/! 67+! &*! /471&*8&! E0&! C3B,6,C,%0&! 1&! C$! 5.,-/7*&! ;)TJ! Q;1B(R!
5$.-7875$7-!M!C$!9,.6$-7,*!10!8,65C&:&!H>GWW!QE07!8,65.&*1!C&+!5.,-/7*&+!H76'X2!H76WW!&-!H76!YZR2!
0*! 8,65C&:&! 1&! C$! 6&6K.$*&! 67-,8B,*1.7$C&! 7*-&.*&! 765C7E0/! 1$*+! C&! -.$*+5,.-! 1&! 5.,-/7*&+!
67-,8B,*1.7$C&+! +L*-B/-7+/&+! 1$*+! C&! 8L-,5C$+6&@! ;1B(! +&.$7-! $7*+7! 0*! B,6,C,%0&! 1&! H76WW! &-!
7*-&.$%7.$7-!$4&8!H76'X!&-!H76!YZ!5,0.!9,.6&.!0*!8$*$C!*/8&++$7.&!5,0.! C3765,.-!1&+!5.,-/7*&+@!#$.!
$7CC&0.+2!H76'X!&+-!0*!B,6,C,%0&!1&!;1BZ!Q;)T)R2!+0%%/.$*-!0*!.FC&!1&+!1&0:!+,0+!0*7-/+!13$*8.$%&!
1&! C$! ;)T! 1$*+! C$! 9,.6$-7,*! 130*! 8,65C&:&! 5.,-/7E0&! 9,*8-7,**&CC&6&*-! 8,65CD-&6&*-! 1799/.&*-!
!"#$%&'&#(
!"!# $ % & !
!
''(!




5:&! 8&<<&! $%6&??7978>! 85L46$<&C! $<46?! D5O&<<&! :O&?8! 3$?! 4P?&69>&! @A&Q! <&?! 3$87&:8?! 3468&56?! =&!
L58$874:?! ?56! <&?! $586&?! %J:&?! )*+-! RD57! :&! 36>?&:8&:8! 3$?! :4:! 3<5?! =&! 6>8&:874:! :5@<>$76&! =&!










)$! *$+*,-.%&+/0&!&01! 2+!3-.*&0020! *.435&6&7! -,0251$+1!8&! 59$**2425$1:.+!89$51,-$1:.+0! %,+,1:;2&0!
;2:!$<.21:00&+1!=!5$!1-$+0>.-4$1:.+!892+&!*&5525&!+.-4$5&!&+!2+&!*&5525&!*$+*,-&20&7!3.2?$+1!&+02:1&!
$*;2,-:-! 8&0! 3-.3-:,1,0! :+?$0:?&0@! A&0! $51,-$1:.+0! %,+.4:;2&0! 3&2?&+1! B1-&! $*;2:0&0! C421$1:.+0!
0.4$1:;2&0D! .2! E,-:1,&0! C421$1:.+0! *.+01:121:.++&55&0D! .2! &+*.-&! B1-&! 5&! >-2:1! 8&! 4.8:>:*$1:.+0!
,3:%,+,1:;2&0! -,?&-0:<5&0@! )$! 4,1EF5$1:.+! 8&! 59GHI! *.+01:12&! 3$-! &6&435&! 2+&! $51,-$1:.+!
,3:%,+,1:;2&!*$3$<5&!8&!4.825&-! 59&63-&00:.+!8&0!%/+&0@!H$+0!8&!+.4<-&26! 1F3&0!8&!*$+*&-07! :5! $!













4,1$01$0&0! &1! =! 59$3.31.0&! C)*+! U:%2-&! [P@'D@! A&! 3E,+.4/+&!.<0&-?,!8$+0! 8&0! ,*E$+1:55.+0!
124.-$26! &1! 8$+0! 8&0! 4.8/5&0! *&5525$:-&0! &01! -,?&-0:<5&! ,-( .,&/0! 3$-! 02335,4&+1$1:.+! 8&0!
*&5525&0!&+!!WSK!N'[[7!OP[WOP\Q@!!
!
W 8&! #THO! C2+:;2&4&+1! 8,*-:1&! 3.2-! 5&! 02**:+$1&D7! ;2:! 0&-$:1! ,%$5&4&+1! :435:;2,&! 8$+0! 5$!







W 8&0! McM0! C1&+W&5&?&+! 1-$+05.*$1:.+D7! ;2:! *$1$5F0&+1! 59EF8-.6F5$1:.+! 8&0! *F1.0:+&0!4,1EF5,&0!
&+!(
/4&
!3.0:1:.+! C(4&AD!&+!*F1.0:+&!EF8-.6F4,1EF5,&0! C(E4&AD! C)*+! U:%2-&![P@[D@!c55&0! 0.+1!
8.+*! :435:;2,&0!8$+0! 5$! -,%25$1:.+!8&! 5$!4,1EF5$1:.+!8&! 59GHI7! +.1$44&+1! $2!+:?&$2!8&0!





!"!# $ % & !
!
''(!
) *&+!,-./0/)10*-.20/$+&+!*3!4.//$%56&! 78#9:;! -&+,.6+$</&+!*&! /$!=$>3-$>?.6!*&!4&/3?)4?@! A&3-!
?61?<?>?.6!?6*3?-$?>!36&!*?=?63>?.6!*&!/$!B3$6>?>C!*&!4.//$%56&+!=$>3-&+!4$,$</&+!*&!D.-=&-!





A&+! .64.=C>$<./?>&+! $443=3/C+!M! +344?6$>&;! D3=$-$>&! &>! N)9O! +.6>! -&+,.6+$</&+! *&! /E?61?<?>?.6! *&+!
*?.20%C6$+&+! *C,&6*$6>&+! *&! /E!)PO@! 8&! +.6>! 6.>$==&6>! *&+! 9QF! ,-./0/)10*-.20/$+&+! 7';N:;! *&+! &6R0=&+!
-&+,.6+$</&+!*&!/$!*C=C>10/$>?.6!*&+!1?+>.6&+!7K:!&>!*&!/ESTU!7G:;!.3!&64.-&!*&+!&6R0=&+!-&+,.6+$</&+!*&!/$!




T$6+! /&! 4$*-&! *&! #88[#OA! ,-./)=3>C+;! /EC>3*&! ,/3+! $,,-.D.6*?&! *&! /E&6+&=</&! *&! 4&+! ,-.4&++3+!
+&=</&! ,$->?43/?5-&=&6>! ?6>C-&++$6>&! &>! 6C4&++?>&! /E3>?/?+$>?.6! *&! =.*5/&+! 4&//3/$?-&+! .3! $6?=$32!
,&->?6&6>+;! B3?! ,&-=&>>-$?&6>! *&! =?&32! 4.=,-&6*-&! /&+! 4.6+CB3&64&+! D.64>?.66&//&+! *&! 4&+!
=.*?D?4$>?.6+;!&>!*E&6\?+$%&-!*&+!C>3*&+!,-C4/?6?B3&+@!
!"#$%&'&#(




*+! ,-&./01&! 2$0! 3&!4536+&!478/,! 3&! 2893/0250/1/5,! $7! #::;#<=! 4567>392&,3$,1)! ?,! &@@&1A! /+! &./01&!
2+70/&780!4536+&0!3&!0578/0!%9,91/B7&4&,1!453/@/9&0!B7/! 05,1!2893/02509&0!$7!39C&+522&4&,1!3&!
2D95ED8545EF154&0! G$7E7,!3&! E&0!4536+&0! ,&! 39C&+522&!3&! 2$8$%$,%+/54&0H)! *+! 0-$%/1! 3&0! 0578/0!
2581&70&0!3-$+198$1/5,0!3&0!%6,&0!89:!57!!;<! IJKLA!JKJMA!$/,0/!B7&!3&!453/@/E$1/5,0!GN,5EO>P71!57!




















3&0! %8$,7+&0!3&! 015EO$%&!&1!3&! 09E891/5,!3&! E$19ED5+$4/,&0A! &1!7,&!&.28&00/5,!3&! +$!#`_W! IJVUM)!
#+70!89E&44&,1A! +$!8&4/0&!&,!E7+178&!3-7,&!174&78!D92$1/B7&A!39C&+5229&!$2860! /,c&E1/5,!3&!_#:!
3$,0! +$! C&/,&! E$73$+&! 3&! 0578/0A! $! 2&84/0! 3&! %9,98&8! 7,&! +/%,9&! E&++7+$/8&! $%8&00/C&A! $7! 251&,1/&+!









`570! $C5,0! 285E939! R! 7,&! 9173&! %+5Q$+&! 3&! +$! 491DF+$1/5,! 078! 7,&! E5++&E1/5,! 3&! 'U\! #::;#<=!
285C&,$,1! 3&! +$! E5++&E1/5,! :P_?W?! 2578! +&0B7&+0! ,570! 3/0250/5,0! ,51$44&,1! 3&0! 35,,9&0!
!"#$%&'&#(
!"!# $ % & !
!
''(!
)*&+,-&../01!%21/34&5!6&.! -2.478$8.!)&!9&! 8-$:$/7!018!901;/-<2! 7*/<,0-8$19&!)&! 7$!%2128/34&!)$1.! 7$!
84<0-/%&1=.&! )&.! #>>?#@6A! ,4/.34&! 7$! 97$../;/9$8/01! )&.! 29B$18/7701.! 84<0-$4+! 41/34&<&18! C$.2&!
.4-! 7&4-!,-0;/7!)&!<28BD7$8/01!)&! 7*EFG!.*&.8!-2:272&!.4;;/.$18&!,04-!.2,$-&-! 7&.!84<&4-.!)*+,-!)&.!
84<&4-.!.+/!&8!)&!8048&.!7&.!$48-&.!H!01A!234A!1505467A!589($/1./!34&!7&.!84<&4-.!.,0-$)/34&.I5!
>&88&! 97$../;/9$8/01!$! -2:272!41!,B2108D,&!BD,&-<28BD7$8&4-A! .,29/;/34&!)&.! 84<&4-.!,0-8&4.&.!)&!
<48$8/01.! .4-! 7&.! %=1&.! )*+,5! 6*$1$7D.&! /182%-$8/:&! )&.! )0112&.! )&! <28BD7$8/01! &8! )*&+,-&../01!
%21/34&! $! -2:272! 41&! ;0-8&! 90--27$8/01! /1:&-.&! &18-&! 7&! 1/:&$4! )&! <28BD7$8/01! )&.! %=1&.! &8! 7&4-!
1/:&$4!)*&+,-&../015!>&!,B210<=1&A!0C.&-:2!)$1.! 8048&.! 7&.! 84<&4-.!)*+,-! &.8!$99&1842!)$1.! 7&.!







F$1.! 7&.! 84<&4-.!,0-8&4.&.!)&!<48$8/01.! .4-! 7&.! %=1&.!)*+,A! 104.!$:01.!0C.&-:2!41&!)/</148/01!
)&.! 9D80./1&.! BD)-0+D<28BD72&.! &1! R
=<&
! ,0./8/01! HRB<&>I! &8! 41&! .4--&,-2.&18$8/01! )&! 7$! ;0-<&!
8-/<28BD72&! )&! 7$! 7D./1&! ST! )&! 7*B/.801&! UV! HUVWST<&VIA! )&4+! 0C.&-:$8/01.! 34/! .4%%=-&18! 41&!
/1B/C/8/01!)&.!&1XD<&.!MQM.!&8!WFL.!-&.,&98/:&<&185!!
6*&1.&<C7&! )&.! 0C.&-:$8/01.! ;$/8&.! .4-! 7&.! 29B$18/7701.! 84<0-$4+! B4<$/1.! $! &1.4/8&! 282! 901;/-<2!
)$1.!41!<0)=7&!)&!9&7747&.!9B-0<$;;/1&.!)2;/9/&18&.!,04-!7&!%=1&!)?@A(34&!104.!$:01.!%212-2!&8!34/!
901.8/84&! 7&!,-&</&-!&8! 7&! .&47!<0)=7&!9&7747$/-&!&+/.8$18!,0-8&4-!)*41!)2;$48!90<,7&8!&1!NFU5!>&.!















,-2.&18$/&18! 41&! $4%<&18$8/01! )4! -$8/0! R<&>?RB<&>! 90<,$-$8/:&<&18! $4+! 9&7747&.! 9018-[7&.A! &8!
34&! 9&! ,B210<=1&! 28$/8! -2:&-./C7&! $,-=.! 41! 8-$/8&<&18! )&.! 9&7747&.! K! 7*!PW@5! F*$48-&! ,$-8A! 104.!
$:01.!</.!&1!2:/)&19&!41&!$4%<&18$8/01!)*&+,-&../01!)&.!;0-<&.!)/!&8!8-/P<28BD72&.!)&!7$!7D./1&!ST!
)&! 7*B/.801&!UV! HUVWST<&SA!UVWST<&VIA! &8! )&! 7$! ;0-<&! 8-/<28BD72&!)&! 7$! 7D./1&!\!)&! 7*B/.801&!UV!
HUVW\<&VI5!!
#$-! $/77&4-.A! 104.! $:01.! <018-2! 34&! 7&.! 9&7747&.! )?@A!
P?P
! ,-2.&18$/&18! )&.! 9$,$9/82.! </%-$80/-&.!
$99-4&.!90<,$-$8/:&<&18!$4+!9&7747&.!9018-[7&.5!6*284)&!)&!7*&;;&8!)*41!8-$/8&<&18!)2<28BD7$18!HRP




>&.! 8-$:$4+! 104.! 018! )019! ,&-</.! )&! )29-/-&! 41! ,B2108D,&! BD,&-<28BD7$8&4-! .,29/;/34&! )&.!
84<&4-.!)*+,A!,$-8/947/=-&<&18!$99&1842!)$1.!7&.!84<&4-.!)*+:D!G04.!$:01.!$/1./!</.!&1!2:/)&19&!
34&!)&.!<0)/;/9$8/01.!2,/%2128/34&.!,04:$/&18!]8-&!41!<0)&!)&!-2%47$8/01!)&!%=1&.!/<,7/342.!)$1.!
7&! ,-09&..4.! )*QLM! .,29/;/34&! )&! 7*/1$98/:$8/01! )4! %=1&! )*+:D(G08-&!<0)=7&! 9&7747$/-&! 104.! $! ,$-!
!"#$%&'&#(






















a Hypermethylator Phenotype in Paraganglioma
Eric Letouze´,1,13 Cosimo Martinelli,2,3,13 Ce´line Loriot,2,3 Nelly Burnichon,2,3,4 Nasse´ra Abermil,3,4 Chris Ottolenghi,3,6,7
Maxime Janin,6,7 Me´lanie Menara,2,3 An Thach Nguyen,2,3 Paule Benit,8 Alexandre Buffet,2,3 Charles Marcaillou,9
Je´roˆme Bertherat,3,10,11,12 Laurence Amar,3,5,12 Pierre Rustin,8 Aure´lien De Reynie`s,1
Anne-Paule Gimenez-Roqueplo,2,3,4,12,14 and Judith Favier2,3,14,*
1Programme Cartes d’Identite´ des Tumeurs, Ligue Nationale Contre Le Cancer, 75013 Paris, France
2INSERM, UMR970, Paris-Cardiovascular Research Center (PARCC), 75015 Paris, France
3Faculte´ de Me´decine, Universite´ Paris Descartes, 75006 Paris, France
4Service de Ge´ne´tique
5Service d’Hypertension Arte´rielle
Assistance Publique-Hoˆpitaux de Paris (AP-HP), Hoˆpital Europe´en Georges Pompidou, 75015 Paris, France
6Service de Biochimie Me´tabolique, Assistance Publique-Hoˆpitaux de Paris, Hoˆpital Necker-Enfants Malades, 75015 Paris, France
7INSERM U747, 75015 Paris, France
8INSERM U676, Hoˆpital Robert Debre´, 75019 Paris, France
9IntegraGen, 91030 Evry, France
10Service des Maladies Endocriniennes et Me´taboliques, Assistance Publique-Hoˆpitaux de Paris (AP-HP), Hoˆpital Cochin,
Centre de Re´fe´rence Maladies Rares de la Surre´nale, 75014 Paris, France
11INSERM U1016, Institut Cochin, 75014 Paris, France
12Rare Adrenal Cancer Network-Cortico Me´dullosurre´nale Tumeur Endocrine, Institut National du Cancer, 75014 Paris, France
13These authors contributed equally to this work




Paragangliomas are neuroendocrine tumors frequently associatedwithmutations inRET,NF1, VHL, and suc-
cinate dehydrogenase (SDHx) genes. Methylome analysis of a large paraganglioma cohort identified three
stable clusters, associated with distinct clinical features and mutational status. SDHx-related tumors
displayed a hypermethylator phenotype, associated with downregulation of key genes involved in neuroen-
docrine differentiation. Succinate accumulation in SDH-deficient mouse chromaffin cells led to DNA hyper-
methylation by inhibition of 2-OG-dependent histone and DNA demethylases and established a migratory
phenotype reversed by decitabine treatment. Epigenetic silencing was particularly severe in SDHB-mutated
tumors, potentially explaining their malignancy. Finally, inactivating FHmutations were identified in the only
hypermethylated tumor without SDHxmutations. These findings emphasize the interplay between the Krebs
cycle, epigenomic changes, and cancer.
INTRODUCTION
Paragangliomas (PGL) are neural crest-derived tumors that arise
from parasympathetic ganglia of the head and neck region or
from sympathetic ganglia located in the thorax, abdomen, or
pelvis. These tumors may develop in the adrenal medulla, in
which case they are called pheochromocytomas (PCC) (Lenders
et al., 2005). There has been extensive genetic characterization
Significance
Unexpected links between epigenetic and genetic alterations were recently identified with the demonstration that IDH
mutations impair DNA demethylation in gliomas. Mutations affecting succinate dehydrogenase (SDH), another tricarboxylic
acid cycle enzyme, have been identified in several cancers and are particularly frequent in paragangliomas. With this
genome-wide analysis of DNAmethylation changes in a large paraganglioma cohort, we demonstrate thatSDHx, and partic-
ularly SDHB-relatedmetastatic tumors, display a hypermethylator phenotype, associatedwith downregulation of key genes
implicated in chromaffin cell differentiation. These findings explain the oncogenic effect of SDH inactivation and the inva-
siveness of SDHB-mutated tumors and raise the possibility of innovative epigenetic therapies involving DNA demethylating
agents for these cancers.
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of PGL/PCC. At least 30%of patients harbor a germlinemutation
in one of the ten identified susceptibility genes (Gimenez-Roque-
plo et al., 2012): RET, NF1, VHL, SDHAF2, TMEM127, or MAX,
and in genes encoding the four subunits of succinate dehydroge-
nase (SDHA, SDHB, SDHC, or SDHD, referred to as SDHx
genes). Integrated genomic analysis of the largest available
cohort of PGL/PCC, recruited by the French COMETE network,
identified homogeneous molecular subgroups associated with
susceptibility genes (Burnichon et al., 2011) and showed that a
large proportion of sporadic PGL/PCC carry a somatic mutation
in VHL, RET, NF1,MAX, or HIF2A genes (Burnichon et al., 2011,
2012a, 2012b; Favier et al., 2012). Overall, 60%of cases harbor a
somatic or germline mutation in a known predisposing gene.
Various important issues remain to be unraveled, including the
oncogenic role of SDHx mutations. Succinate dehydrogenase
was the first mitochondrial enzyme to be identified as a tumor
suppressor in familial PGL (Baysal et al., 2000). Its inactivation
also predisposes to renal cell carcinoma (Ricketts et al., 2008)
and gastrointestinal stromal tumors (Janeway et al., 2011). To
date, the only mechanism linking SDH to cancer involves
hypoxia-inducible factors (HIFs) (Dahia et al., 2005; Gimenez-
Roqueplo et al., 2001). SDH dysfunction results in the accumula-
tion of succinate (Pollard et al., 2005), its tricarboxylic acid cycle
(TCA) substrate, which acts as a competitive inhibitor of the
2-oxoglutarate (2-OG)-dependent HIF prolyl-hydroxylases (Bri-
e`re et al., 2005; Selak et al., 2005). This stabilizes HIF-alpha
and activates genes that facilitate angiogenesis and anaerobic
metabolism. However, the exact role of HIFs in oncogenesis
remains unclear (Young and Simon, 2012). Understanding
SDH-related tumorigenesis is crucial, because the presence of
a germline mutation in the SDHB gene is a major risk factor of
malignancy and of poor prognosis. Around 40% of all patients
with a metastatic form of the disease harbor an SDHB mutation
(Pasini and Stratakis, 2009). SDHB-mutation carriers have a
19-fold higher risk of developing a metastatic disease (Gime-
nez-Roqueplo et al., 2003) and shorter survival than patients
with a malignant PGL/PCC but without SDHB mutations (Amar
et al., 2007).
DNA methylation changes are hallmarks of human cancers
(Hanahan and Weinberg, 2011). Cancer cells often display over-
all DNA hypomethylation and hypermethylation of promoter CpG
islands, resulting in the transcriptional silencing of tumor sup-
pressor genes (Jones and Baylin, 2007). Unlike genetic muta-
tions, DNA methylation is a reversible process and is thus a
promising target for drug development (Rodrı´guez-Paredes
and Esteller, 2011). These epigenetic features are also useful
as biomarkers for early detection of cancer in blood samples,
for prognosis, or for prediction of response to treatment (Laird,
2003). Genome-scale DNA methylation profiling has allowed
the identification of epigenetic subtypes in several cancers
(Hinoue et al., 2012; Noushmehr et al., 2010). A CpG islandmeth-
ylator phenotype (CIMP), characterized by the concerted hyper-
methylation of a large number of genes, was initially described in
colorectal cancer (Toyota et al., 1999) andwas recently identified
in glioma (G-CIMP; Noushmehr et al., 2010). In glioma, the
G-CIMP phenotype is associated with gain-of-function muta-
tions in IDH1 and IDH2 that confer to these enzymes a neomor-
phic capacity to convert a-ketoglutarate (a-KG, or 2-OG) into
the oncometabolite 2-hydroxyglutarate (2-HG). 2-HG acts as a
competitive inhibitor of 2-OG-dependent dioxygenases, includ-
ing histone demethylases and the TET family of 5-methyl-
cytosine (5-mC) hydroxylases, leading to genome-wide DNA
methylation alterations (Xu et al., 2011). Succinate also can
inhibit these enzymes in vitro, suggesting that SDH-related
tumorigenesis may involve epigenetic alterations (Xiao et al.,
2012). However, DNAmethylation changes of only a limited num-
ber of genes have been investigated so far in PGL/PCC (Geli
et al., 2008) and have not been compared with expression data
or mutational status.
Here, we report the genome-scale methylome and transcrip-
tome profiling of the well-annotated COMETE cohort and inves-
tigate the relationship betweenSDHxmutations andDNAmethyl-
ation changes in a mouse model of SDH-related paraganglioma.
RESULTS
DNA Methylation-Based Classification of
Pheochromocytomas and Paragangliomas
We determined DNAmethylation profiles of 145 pheochromocy-
tomas and paragangliomas using the Illumina Infinium HM27
DNA methylation assay, which assesses the degree of methyl-
ation of 27,578 CpG sites in promoter regions of 14,495 pro-
tein-coding genes (Bibikova et al., 2009). Gene expression was
previously characterized in most of these samples (Burnichon
et al., 2011), and the mutation status of the main genes predis-
posing to PGL/PCC (SDHx, VHL, NF1, RET, TMEM127, and
MAX) was analyzed (Table S1 available online). As previously
described (Hinoue et al., 2012), we excluded probes that might
be unreliable and probes designed for sequences on sex chro-
mosomes. We selected the 10%most variant probes, according
to the standard deviation of the beta values, and performed
consensus clustering (Monti et al., 2003) to identify DNA methyl-
ation clusters. The optimal classification defined three tumor
subgroups (Figure 1A; Figure S1). Tumors of the M1 cluster dis-
played concerted hypermethylation at a large number of loci
(Figure 1B), reminiscent of the CpG island methylator pheno-
types described in colorectal cancer and glioblastoma.
For comparison, we applied a second clustering approach,
the recursively partitioned mixture model (RPMM; Houseman
et al., 2008), to our data set. Cluster assignments using
consensus clustering and RPMM were strongly correlated (p =
9.73 10!39), with the twomethods agreeing on cluster member-
ship for 90% (130/145) of the tumors (Figure S1F). In particular,
the M1 cluster was similarly identified by the RPMM approach,
with only 1/17 samples misclassified. We based our subsequent
analyses on the consensus clusters, which showed better asso-
ciation with clinical criteria.
We next sought to characterize DNA methylation changes in
each cluster. We analyzed probes located within and outside
CpG islands separately (Takai and Jones, 2002). Most CpGs
within CpG islands are demethylated in normal tissues and
undergo hypermethylation in tumors (Jones and Baylin, 2007),
whereas CpGs outside CpG islands are mostly highly methyl-
ated in normal tissues and undergo loss of DNA methylation in
cancers (Feinberg and Vogelstein, 1983). Because of the diffi-
culty in obtaining samples of normal adrenal medulla, only three
normal controls were available, hence the comparison with
tumor clusters had limited power. After FDR adjustment,
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significant methylation differences between tumors and normal
controls were only detected in cluster M1 (1,015 probes with
FDR-adjusted p < 0.05). However, the number of significant tests
(p < 0.01) was substantially higher than expected by chance in
each cluster (8.7%, 4.8%, and 6.4% in M1, M2, and M3, respec-
tively). Cluster M1 tumors displayed a hypermethylator pheno-
type, characterized by high methylation levels at a large number
of CpG sites, both within (7.2% of probes, p < 0.01; Figure 1C;
Table S2) and outside (7.0%) CpG islands. Clusters M2 and
M3 did not display substantial hypermethylation within CpG
islands, but a strong hypomethylation outside CpG islands was
observed in both clusters, particularly in cluster M3 (5.9% of
probes hypomethylated in M2, 9.6% in M3).
Association with Genomic and Clinical Features
DNAmethylation clusters were highly associated withmutational
status (p = 3.33 10!33) and gene expression clusters (p = 1.33
10!41) (Figure 1B; Table 1). In particular, the hypermethylator
A B
C D
Figure 1. Genome-wide DNA Methylation Profiling of PGL/PCC Identifies a Hypermethylator Phenotype Associated with SDHx Mutations
(A) Unsupervised classification of 145 PGL/PCC samples (see Table S1) identifies three stable DNA methylation clusters. The consensus matrix represents the
similarity between tumors. Consensus index values range from zero (highly dissimilar profiles, white) to one (highly similar profiles, dark blue). Samples are
ordered on the x and y axes by the consensus clustering, which is depicted atop the heatmap. See also Figure S1.
(B) Heatmap representation of DNAmethylation profiles. The degree of DNAmethylation (beta value) for each probe (row) in each sample (column) is represented
with a color scale (dark blue, nonmethylated; yellow, methylated). Tumors are ordered by methylation cluster. Probes are arranged by similarity, as assessed by
hierarchical cluster analysis. The mutation status of the main genes predisposing to PGL/PCC (SDHx, VHL, NF1, and RET) is indicated above the heatmap,
together with expression cluster memberships as determined in a previous study (Burnichon et al., 2011).
(C) Scatterplots comparing methylation levels between tumor subgroups and normal adrenal medulla controls are shown for probes located within (top) or
outside (bottom) CpG islands (Takai-Jones definition [Takai and Jones, 2002]). Probes significantly hyper- or hypomethylated in tumors (p < 0.01) are indicated in
red and green, respectively. See also Table S2.
(D) Kaplan-Meier curves for metastasis-free survival and overall survival.
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phenotype was strongly associated with SDHx mutations.
In cluster M1, 16/17 tumors were SDH-related (1 SDHA,
11 SDHB, 1 SDHC, and 3 SDHD germline mutations), and one
was sporadic. Cluster M2 included 13/21 VHL-related tumors
and one sporadic tumor. All RET and NF1-related samples
were members of cluster M3, together with the remaining spo-
radic and VHL-mutated samples. Clusters M1 and M2 corre-
sponded to the previously described C1A (SDHx-related) and
C1B (VHL-related) expression clusters (Burnichon et al., 2011),
and the M3 cluster comprised all tumors of the C2 (RET/NF1-
related) expression cluster, plus eight tumors from the C1B
group. Age at diagnosis and histology, which are known to be
associated with mutational status (Amar et al., 2005; Neumann
et al., 2002), differed significantly between DNA methylation
clusters (p = 1.8 3 10!7 and p = 1.5 3 10!9, respectively). The
median age at diagnosis was younger for clusters M1 (32 years)
andM2 (25.5 years) than for clusterM3 (47 years), and clusterM1
was enriched in paragangliomas (56% versus% 7% in clusters
M2 and M3). Note that only SDH-related paragangliomas dis-
played a hypermethylator phenotype. Hypermethylation is thus
specifically associated with SDHxmutations, rather than a char-
acteristic of extra-adrenal tumors. Methylation clusters were
significantly associated with both metastasis-free survival
(MFS, p = 6.2 3 10!8) and overall survival (OS, p = 0.0013),
with the prognosis being much worse for M1 tumors than M2
and M3 tumors (Figure 1D). However, the presence of an
SDHB mutation predicted prognosis more significantly than
methylation cluster membership in our series (p = 8.9 3 10!10
and p = 8.2 3 10!6 for MFS and OS, respectively).
Sdhb Knockout in Mouse Chromaffin Cells Establishes
a Hypermethylator Phenotype and Promotes Cell
Migration
To investigate the mechanisms linking SDH deficiency with
methylation, we generated an immortalized mouse chromaffin
cell (imCC) line harboring a complete defect in SDH. We created
genetically modified mice in which the endogenous Sdhb exon 2
is flanked by LoxP sites, isolated chromaffin cells from their
adrenal medulla, and deletedSdhb byCre-mediated recombina-
tion (Figure 2A). Suppression of exon 2 leads to a premature stop
codon and to the predicted translation of a truncated 33 amino-
acids protein, instead of the 283 amino-acids wild-type (WT)
SDHB protein. Two independent Sdhb!/! clones were studied
(c6 and c8). As previously reported for human tumors (Favier
et al., 2009; van Nederveen et al., 2009), Sdhb-deficient cells
completely lost SDHB protein production but had normal
SDHA levels (Figure S2A). They displayed a selective loss of
SDH/succinate cytochrome c reductase (SCCR) activity (Figures
2B, S2B, and S2C), accompanied by large increases in both
intracellular (Figure 2C) and secreted (Figure S2D) succinate
levels and abnormally small amounts of the following organic
acids (fumarate andmalate) produced by the TCA cycle. Expres-
sion and nuclear translocation of HIF2a were also higher than in
controls (Figures S2E).
Table 1. Clinical and Genomic Characteristics of DNA Methylation Consensus Clusters
Overall (n = 145) Cluster M1 (n = 17) Cluster M2 (n = 14) Cluster M3 (n = 114) p Value
Gender
Female 93 (64%) 11 (65%) 6 (43%) 76 (67%) 0.22
Male 52 (36%) 6 (35%) 8 (57%) 38 (33%)
Age
Median 44 32 25.5 47 1.80 3 10!7
Range 7–82 10–63 10–49 7–82
Histologya
Paraganglioma 15 (10%) 9 (56%) 1 (7%) 5 (4%) 1.51 3 10!9
Pheochromocytoma 129 (90%) 7 (44%) 13 (93%) 109 (96%)
Mutational Status
SDHx 17 (12%) 16 (94%) 0 1 (1%) 3.32 3 10!33
VHL 21 (14%) 0 13 (93%) 8 (7%)
NF1 30 (21%) 0 0 30 (26%)
RET 13 (9%) 0 0 13 (11%)
Other 64 (44%) 1 (6%) 1 (7%) 62 (54%)
Expression Clustera
C1A 16 (12%) 16 (100%) 0 0 1.33 3 10!41
C1B 22 (16%) 0 14 (100%) 8 (8%)
C2A 67 (50%) 0 0 67 (64%)
C2B 22 (16%) 0 0 22 (21%)
C2C 7 (5%) 0 0 7 (7%)
Clinical and genomic features are indicated for each DNA methylation cluster, in absolute numbers and as a percentage of each group size. p values
are obtained by chi-square tests for qualitative variables and ANOVA for age.
aHistology could not be determined for one patient with both abdominal paraganglioma and adrenal pheochromocytoma at first presentation. Gene
expression data were available for 134 samples.
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We used reduced representation bisulfite sequencing (RRBS)
(Meissner et al., 2005) to examine base-pair resolution DNA
methylation patterns in two samples of WT cells and in both
Sdhb!/! clones. We obtained more than 15 million high-quality
aligned reads per sample, yielding quantitative DNA methylation
data for 1,530,785 CpG dinucleotides (coverage R 10 reads in
each sample). Hierarchical clustering identified two clusters
corresponding to WT and Sdhb!/! cells (Figure 2D). Like
SDHx-related tumors, Sdhb-deficient cells displayed a wide-
spread hypermethylation both within and outside CpG islands
(Figure 2E). We obtained DNA methylation rates with more
than ten individual CpG measurements for 78% of CpG islands
(n = 12,503). CpG islandmethylation rates were highly correlated
between the two WT samples and between the two Sdhb!/!
clones (Figure S2F). By contrast, 3,357 CpG islands were
significantly hypermethylated, and 242 were significantly hypo-
methylated in Sdhb!/! clones as compared to WT cells (FDR-
adjusted p < 0.05 and absolute methylation difference > 5%)
(Figure S2G). Genes hypermethylated in Sdhb-deficient imCCs
significantly overlapped those hypermethylated in SDH-related
PGL/PCC (p = 3.2 3 10!170), with 1,014 genes in common (Fig-
ure 2F; Table S3).
Although SDH-deficiency led to a mean 2-fold decrease in
growth rate (Figure S2H), Sdhb!/! cells had marked increased
migration capacities as assessed in a wound healing scratch
assay (Figure 2G). These characteristics are consistent with
the known specificities of SDHB-related PGL/PCC, which are
not associated with increased proliferation but are associated
with invasiveness. To investigate the role of DNA methylation in
this phenotype, we treated Sdhb!/! cells for 72hr with low
(10 nM) or higher (5 mM) doses of 5-Aza-20-deoxycytidine (deci-
tabine or DAC), an epigenetic modifier that inhibits DNA methyl-
transferase activity. High doses induced cytotoxicity in all cell
types (from 10% to 25% of cell death after 3 days), which was
markedly reduced at low doses (cell death <8%). After drugwith-
drawal, the effect of DAC was assessed on cell proliferation and
migration. We observed a dose-dependant blockade of cell
growth in both WT and Sdhb!/! cells (Figure S2H). In contrast,
an inhibition of collective cell migration was specifically
observed in SDH-deficient cells, but not in WT cells (Figure 2H).
SDH-Deficient Chromaffin Cells Display Increased
5-mC/5-hmC Ratio and Histone Methylation
Tet-mediated conversion of 5-mC to 5-hmC was evaluated by
flow cytometry and immunofluorescence analyses: there was
more 5-mC in Sdhb!/! than the WT imCCs (Figures 3A and
3B). This effect was reversed by the addition of 2-OG to the cul-
ture medium, which also led to an increase in 5-hmC staining of
Sdhb!/! cells (Figure S3A). The methylation of lysines 9 and 27
of histone 3 was then assessed by western blotting. Loss of
Sdhb increased H3K9me3, H3K27me2, and H3K27me3 levels
(Figure 3C, quantified in Figure S3B). As both H3K9 and H3K27
methylation are closely linked with DNA methylation (Cedar
and Bergman, 2009), these effects on histone methylation may
contribute to the establishment of the hypermethylator
phenotype.
To confirm the inhibition of oxidative demethylation by succi-
nate in human PGL/PCC, we first measured succinate and fuma-
rate concentrations in a subset of tumor samples and confirmed
a mean 100-fold increase in succinate levels in SDHx- versus
non-SDHx-mutated PGL/PCC (Table S4). We next used immu-
nohistochemistry to quantify 5-mC and 5-hmC, as well as
H3K9me3 and H3K27me3, in 39 paraffin-embedded tumor sam-
ples with various genetic backgrounds. All (16/16) SDHx-
mutated tumors had low 5-hmC levels, whereas 70% (16/23)
of non-SDH samples had high levels of 5-hmC (Figure 3D; Table
S5). Similarly, 81% of SDH-related PGL/PCC displayed abun-
dant H3K27me3, whereas 43% of non-SDH tumors displayed
low H3K27me3 levels (Figure 3E; Table S5). Succinate inhibition
of oxidative demethylation by TET proteins and Jumonji domain-
containing histone demethylases may thus be the mechanism
responsible for the accumulation of DNA methylation in SDH-
deficient tumors.
Transcriptional Changes Associated with
the Hypermethylator Phenotype
To better understand the impact of DNA hypermethylation in
tumors of the M1 cluster, we examined the relationship between
methylation and expression changes in these tumors. Principal
component analysis indicated that the transcriptome differed
between the DNAmethylation subgroups (Figure 4A), consistent
with the strong association between methylation and expression
clusters. Of the 7,136 CpG sites that were differently methylated
in M1 and non-M1 tumors (FDR-adjusted p < 0.05), 6,850 (96%)
were hypermethylated in M1 tumors, resulting in a highly asym-
metric volcano plot (Figure 4B). The transcriptome data, avail-
able for 134/145 samples, revealed a similar asymmetry
(Figure 4C), with 623 genes significantly downregulated (FDR-
adjusted p < 0.05) and 356 genes significantly upregulated in
cluster M1 (Table S6). Integrated transcriptome and methylome
analysis revealed that 11.5% of genes with significant hyperme-
thylation in M1 tumors (FDR-adjusted p < 0.05 and beta value
difference >0.1) also showed more than a 2-fold reduction in
gene expression and that the mean shift in expression values
correlated with the amplitude of the methylation difference (Fig-
ure 4D). To gain a more comprehensive view of DNAmethylation
changes in M1 tumors, we reanalyzed 22 tumors (ten M1, two
M2, and ten M3) using the Illumina Infinium 450K assay, which
assesses the methylation levels of more than 485,000 CpG sites.
Using probes present on both the 27K and 450K arrays, we veri-
fied that the beta value differences between M1 and non-M1
tumors were consistent in the two data sets (mean absolute dif-
ference = 0.023). Overall, we identified 4,663 genes with signifi-
cant hypermethylation of their promoter CpG islands (Table S7).
The overlap between the lists of hypermethylated and downre-
gulated genes was highly significant (p = 1.5 3 10!7), with 191
genes showing both significant CpG island hypermethylation
and significant downregulation in M1 tumors (Table S8). Gene
ontology analysis of this set of genes showed a significant
enrichment in terms associated with neuroendocrine differentia-
tion (Table S9). Several genes are associated with catechol-
amine metabolic process [PNMT (Figure S4), DRD2, and
SULT1A1], transport (SLC6A2), or secretion (NPY); RET and
NRP2 are implicated in the differentiation of neural-crest cells.
RBP1 is a tumor suppressor known to be epigenetically silenced
in several cancers (Esteller et al., 2002). Downregulation of
SPOCK2, an inhibitor of matrix-metalloproteases, of KRT19 (Fig-
ure S4), a key marker of the epithelial-to-mesenchymal transition
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Figure 2. Generation and Characterization of Sdhb-Deficient Mouse Chromaffin Cells
(A) Strategy used for the generation of Sdhb knockout in mouse. The targeting vector comprises mouse Sdhb exon 2 locus flanked with LoxP sites and followed
by a Neomycin (neo) resistance cassette flanked with Frt sites, which is removed after Flip-mediated recombination between the Frt sites. Primers for genotyping
(arrows) are indicated below their target sequences.
(B) SDH activity in WT cells (black) measured by 2,6-dichlorophenol-indophenol reduction (in the presence of rotenone, inhibitor of complex I, and cyanide,
inhibitor of complex IV) is triggered by succinate addition and subsequently inhibited by adding malonate, a specific SDH inhibitor. The subsequent addition of
glycerol-3P triggers the activity of the mitochondrial glycerol-3P dehydrogenase in the same sample. Similar assays were carried out on Sdhb!/! c6 (light red)
and c8 (dark red) imCCs. Numbers along the traces are nmol/min per mg protein.
(C) Gas chromatography-mass spectrometry analysis of organic acids revealing a substantial accumulation of succinate and the depletion of fumarate in
Sdhb!/! cells relative to controls.
(D) Hierarchical clustering analysis of DNA methylation profiles from four mouse chromaffin cell samples, with (c6 and c8 clones) or without (WT1 and WT2) a
knockout of Sdhb gene, analyzed by reduced representation bisulfite sequencing (RRBS). A heatmap indicates the degree of methylation of the 500 most variant
CpG sites in each sample (dark blue, nonmethylated; yellow, methylated).
(E) Smoothed color density representation of the scatterplots representing DNAmethylation changes betweenWT and Sdhb!/! imCCs, within (left) and outside
(right) CpG islands. Only CpG sites showing significantly different methylation rates between WT and Sdhb!/! cells are represented.
(F) Comparison of DNAmethylation changes in SDH-related human PGL/PCC and Sdhb!/! imCCs. CpG islandmethylation rates were calculated for all mouse/
human gene homologs represented in Illumina methylation arrays and RRBS data. Each point represents a gene, with the CpG island methylation difference
(legend continued on next page)
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(EMT) and of DNAJA4, recently shown to be a metastasis sup-
pressor gene (Pencheva et al., 2012), may participate to the inva-
sive phenotype of SDH-deficient cells. These findings indicate
that methylome remodeling results in major transcriptional
abnormalities in SDH-related tumors, directly associated with
their phenotypic characteristics.
ExomeSequencing of theOnly Hypermethylated Sample
without SDHxMutation Identified InactivatingMutations
in the FH Gene
A single tumor in our data set (HS_121) carried noSDHxmutation
but displayed a hypermethylator phenotype (Figure 1B) as well
as both low 5-hmCand high H3K9 andH3K27methylation (Table
S5). This tumor, which also belonged to the C1A (SDH-related)
expression cluster was a local recurrence of an adrenal pheo-
chromocytoma resected from a 63-year-old female presenting
a high level of urinary normetanephrines. To explain this ‘‘SDH-
like’’ phenotype, we performed the whole-exome sequencing
of tumor and matched blood DNA. We identified 21 nonsynony-
mous somatic mutations effecting exons or splice sites in this
tumor, 16 of which were predicted to have functional conse-
quences (Table S10). In particular, a somatic mutation was iden-
tified in exon 7 of the fumarate hydratase (FH) gene (c.1043G >C,
p.Gly348Ala). This patient also carried a germline mutation in
exon 3 of FH (c.349G > C, p.Ala117Pro). Both mutations were
verified by Sanger sequencing (Figure 5A). The p.Ala117Pro
mutation has been described previously in patients with multiple
leiomyomatosis and/or renal cancer, displaying reduced FH
activity. Interestingly, the patient’s clinical record revealed that
she had benefited from a total hysterectomy at 35 years old for
betweenSdhb!/! andWT imCCs along the y axis and the CpG islandmethylation difference betweenSDHx-related PGL/PCC and other tumors along the x axis.
Genes significantly hypermethylated in both human tumors and mouse chromaffin cells are indicated in red.
(G) Cell migration is shown in a wound scratch assay after 10 hr, in standard medium or following 72 hr of DAC treatment at 10 nM or 5 mM. Scale bar = 100 mm.
(H) Reversion of the migratory phenotype by decitabine treatment. Data are mean ± SEM.
See also Figure S2 and Table S3.
Figure 3. Functional Consequences of SDH Inactivation on Oxidative Demethylation
(A) Immunofluorescence showing a larger number of 5-mC-positive nuclei in Sdhb!/! clones. Addition of 2-OG to the culture medium reversed this phenotype.
Scale bar = 10 mm.
(B) Fluorescence-activated cell sorting (FACS) analysis also showed that Sdhb knockout leads to an increase in 5-mC in imCCs.
(C) Histone lysine methylation levels were assessed by western blotting with specific antibodies. Total H3 was used as a loading control.
(D) 5-hmC levels were studied on human PGL/PCCwith various genetic backgrounds. Strong immunostaining of endothelial cell nuclei was observed in all tumor
types, whereas the tumor cell staining was weaker in SDHx-mutated tumors. Scale bar = 50 mm.
(E) H3K27me3 levels are shown for tumors with various genetic backgrounds. Scale bar: 100 mm; SPO: sporadic tumor. See also Figure S3 and Tables S4 and S5.
Scale bar = 50 mm.
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hemorrhagic fibromas. The p.Gly348Ala mutation has not been
described previously and was predicted to be ‘‘probably
damaging’’ by Polyphen software. Tumor HS_121 displayed a
selective loss of FH activity (Figure 5B), accompanied by an
increase in fumarate concentrations (Figure 5C). Fumarate, like
succinate, is a competitive inhibitor of 2-OG-dependent dioxy-
genases (Xiao et al., 2012), so these findings strongly suggest
that FH inactivation causes PGL/PCC by establishing a hyper-
methylator phenotype.
DNA Hypermethylation and Associated Gene Silencing
Are Stronger in SDHB-Mutated Tumors
SDHB-mutated PGL/PCC tend to be more malignant than
tumors harboring mutations in other SDH subunits (Amar
et al., 2005; Pasini and Stratakis, 2009). To determine whether
this aggressive behavior is associated with a more severe hy-
permethylator phenotype, we calculated the mean methylation
level across all the CpG sites significantly hypermethylated in
Figure 4. Transcriptional Changes Associ-
ated with the Hypermethylator Phenotype
in SDH-Related PGL/PCC
(A) Principal component analysis of methylation
(left) and expression (right) profiles of PGL/PCC.
Tumor samples are plotted in three dimensions
using their projections onto the first three principal
components (PC). Methylation cluster member-
ship is represented by a color code as described in
the legend.
(B) Volcano plot analysis of differentially methyl-
ated CpG sites in tumors displaying a hyper-
methylator phenotype (cluster M1). The beta
value difference in DNA methylation between M1
and non-M1 tumors is plotted on the x axis, and
the false-discovery rate (FDR)-adjusted signifi-
cance is plotted on the y axis (!log10 scale). Red
indicates probes differing significantly between
groups.
(C) Volcano plot analysis of genes differentially
expressed between M1 and non-M1 tumors.
(D) Integrated analysis of promoter DNA methyl-
ation and gene expression differences between
M1 and non-M1 tumors. The starburst plot (left)
represents the DNA methylation (x axis) and gene
expression (y axis) differences between M1 and
non-M1 tumors. Genes that are hypermethylated
with a beta value difference >0.1 and have a more
than 2-fold decrease in expression levels in M1
tumors are shown as red data points. The pie
chart (top right) shows the proportion of hyper-
methylated genes (FDR adjusted p < 0.05 and
beta value difference >0.1) that are significantly
up- and downregulated in M1 tumors (gene
expression difference >1 and <!1, respectively).
The histogram (bottom right) shows the mean
difference in gene expression levels between M1
and non-M1 tumors as a function of the amplitude
of DNA methylation beta value differences. See
also Figure S4 and Tables S6, S7, S8, and S9.
M1 tumors and located within CpG
islands. This methylation level was, as
expected, higher in all M1 tumors than
in M2 and M3 tumors (Figure 6A); but, SDHB-mutated tumors
displayed stronger hypermethylation than other M1 tumors
(1 SDHA-, 1 SDHC-, 3 SDHD-, and 1 FH-mutated tumors)
(p = 0.0071). We examined the transcriptional consequences
of these differences by calculating the mean expression level
of the 191 genes significantly hypermethylated and downregu-
lated in M1 tumors (Table S8). Although these genes were
downregulated in all M1 tumors as compared to M2 and M3
tumors, their expression was significantly lower in SDHB-
mutated tumors than in other M1 tumors (p = 0.0055, Fig-
ure 6B). The levels of hypermethylation and downregulation of
target genes were highly correlated (Pearson’s r = !0.93,
p = 7.0 3 10!59; Figure 6C), suggesting that DNA methylation
finely regulates the expression of these genes in PGL/PCC.
These findings support the idea that a stronger hypermethylator
phenotype, associated with a stronger downregulation of target
genes, may participate to the metastatic phenotype of SDHB-
mutated tumors.
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Comparisonwith the CpG IslandMethylator Phenotypes
Identified in Colorectal Cancer and Glioblastoma
We investigated whether the hypermethylator phenotype identi-
fied in PGL/PCC showed similarities with previously described
CIMP phenotypes. We analyzed publicly available data concern-
ing colorectal cancers (Hinoue et al., 2012) and glioblastomas
(Noushmehr et al., 2010), obtained with the same Illumina Infin-
ium HM27 methylation array used in this study. For each CpG
site, we calculated the mean beta value difference between
tumors with and without a hypermethylator phenotype (CIMP-
high in colorectal cancer, G-CIMP in glioblastoma). Although
we found a significant overlap between hypermethylated loci in
the three cancers, the patterns of hypermethylation were partic-
ularly similar between PGL/PCC and G-CIMP glioblastomas
(Figure 7A). Of 2,241 CpG sites hypermethylated in PGL/PCC
of the M1 subgroup (mean beta value difference >0.2 as
compared to non-M1 tumors), 847 (38%) were also hypermethy-
lated in G-CIMP glioblastomas, whereas only 279 (12%) were
hypermethylated in CIMP-high-colorectal tumors (Figure 7B).
Gene set enrichment analysis (GSEA) confirmed that the set
of genes hypermethylated in PGL/PCC was more significantly
enriched in genes hypermethylated in G-CIMP glioblastomas
(enrichment score = 0.75) than genes hypermethylated in
CIMP-high-colorectal cancers (enrichment score = 0.47) (Fig-
ure S5). Seventeen of the 191 genes epigenetically silenced in
PGL/PCC were significantly hypermethylated and downregu-
lated in glioblastoma (including PNMT and RBP1); 21 were
hypermethylated but without significant downregulation (like
KRT19); and 119, like NPY, were not found to be hypermethy-
lated in glioblastoma (Table S8). The similarity between PGL/
PCC and glioblastoma hypermethylator phenotypes may reflect
the preferential activities of the 2-OG-dependent demethylases
inhibited in these two cancers.
DISCUSSION
Metabolic reprogramming in cancer has long been regarded as
an indirect response to cell proliferation, but recent evidence
has shown that metabolites themselves can be oncogenic by
altering several cellular processes (Ward and Thompson,
2012). The oncometabolite 2-HG, produced by mutated IDH
enzymes, establishes the G-CIMP phenotype in glioma by inhib-
iting DNA and histone demethylases (Xu et al., 2011). Succinate
and fumarate can activate the oncogenic HIF pathway by inhib-
iting HIF prolyl-hydroxylases (Brie`re et al., 2005; Selak et al.,
2005). Here, we demonstrate that succinate accumulation in
SDH-deficient PGL/PCC establishes a hypermethylator pheno-
type, by inhibiting 2-OG-dependent oxidative demethylation.
Besides, we describe a specific model of SDH-related PGL/
PCC, generated by knocking out Sdhb gene in chromaffin cells.
In the past, the lack of an appropriate cellular model has
opposed severe limitations to the understanding of SDH-related
oncogenesis. Ourmodel displays a complete inactivation of SDH
activity, which cannot be achieved by siRNA-mediated gene
silencing, and will be a crucial tool for deciphering the conse-
quences of SDH inactivation in these cells. Our study also led
to the identification of a case of FH germline mutation in an
apparently sporadic PCC displaying a hypermethylator pheno-
type. FH mutations are known to predispose to hereditary leio-
myomatosis and renal cell cancer (Tomlinson et al., 2002) but
have never been described in PGL/PCC. Altogether, these find-
ings shed light on a novel pathway explaining the tumor-sup-
pressive role of SDH and FH and, echoing the role of IDH
mutation in glioma, emphasize the link between TCA cycle
dysfunction and epigenomic alterations in cancer. Gastrointes-
tinal stromal tumors, renal cancer, and leiomyomas harboring
SDH or FH mutations may also display epigenetic reprogram-
ming, which should be assessed in future DNA methylation
studies.
Many cancer-specific hypermethylation events occur in pro-
moter regions of genes that are not normally expressed and
are therefore not affected by DNAmethylation changes (Widsch-
wendter et al., 2007). To distinguish DNA methylation events of
potential functional significance (‘‘driver events’’) from these
‘‘passenger events’’, we integrated the DNA methylation data
with gene expression profiles of the same tumors. Only 11.5%
of genes with significant promoter hypermethylation in PGL/
PCC of the M1 subgroup were underexpressed in these tumors.
This is consistent with previous reports in colorectal cancer
(7.3%; Hinoue et al., 2012) and glioblastoma (17%; Noushmehr
Figure 5. Inactivating FH Mutations in the Only Hypermethylated
Tumor without SDHx Mutation
(A) Sanger sequencing of FH gene in DNA extracted from peripheral blood and
frozen tumor from patient HS_121 identifies a heterozygous germline mutation
(c.349G > C, p.Ala117Pro) in exon 3 and a heterozygous somatic mutation
(c.1043G > C, p.Gly348Ala) in exon 7.
(B) Enzymatic activity, assayed spectrophotometrically for the forward
(fumarate to malate, left traces) and backward (malate to fumarate, right
traces) directions, reveals a severe fumarase deficiency in HS_121 (red) rela-
tive to control (black) PGL/PCC samples.
(C) Loss of fumarase activity is associated with a higher fumarate concentra-
tion in tumor HS_121 than that in control PGL/PCC (n = 6). For controls, data
are mean ± SEM. See also Table S10.
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et al., 2010). Thus,most hypermethylated CpG sites appear to be
silent consequences of the inhibition of DNA demethylases, with
no evident functional impact. We were however able to show an
overall correlation between the level of hypermethylation and
downregulation of gene expression. In particular, we identified
191 genes that showed significant hypermethylation and down-
regulation in M1 tumors and whose expression was closely
correlated with the degree of DNA methylation.
Two of the genes showing the strongest evidence for epige-
netic silencing in hypermethylated PGL/PCC are, respectively,
involved in the differentiation of chromaffin cells (PNMT;
Eisenhofer et al., 2011) and the epithelial-to-mesenchymal tran-
sition (KRT19; Moreno-Bueno et al., 2006), which was recently
identified as the first mechanistic clue to explain the particularly
invasive phenotype of SDHB-related tumors (Loriot et al., 2012).
The PNMT gene encodes the phenyl-ethanolamine-N-methyl-
transferase, a key enzyme of chromaffin cell metabolism, which
catalyzes the conversion of noradrenaline to adrenaline.
Reduced PNMT expression has been reported in SDH-related
tumors, leading to an immature catecholamine secretory profile
with predominant secretion of noradrenaline or dopamine (Burni-
chon et al., 2012b; Eisenhofer et al., 2001). Our findings reveal
that PNMT is hypermethylated in SDH-related tumors, together
with four other genes implicated in catecholamine metabolism
(DRD2, SULT1A1, SLC6A2, and NPY). Epigenetic regulation is
thus a previously unsuspected mechanism explaining the dedif-
ferentiated phenotype of this subgroup of PGL/PCC. Another
target of the PGL/PCC hypermethylator phenotype, RBP1, is
also epigenetically silenced in G-CIMP gliomas (Noushmehr
et al., 2010) and several cancer cell lines and primary tumors
(Esteller et al., 2002). RBP1 is involved in retinoic acid signaling,
leading to loss of cell differentiation and tumor progression
(Farias et al., 2005) and may thus have a tumor-suppressive
role in PGL/PCC. Studies aimed at elucidating the functional
consequences of epigenetic gene silencing will undoubtedly
improve our understanding of the role of DNA hypermethylation
in PGL/PCC tumorigenesis.
SDH- and VHL-related tumors were previously shown to have
similar gene expression features, like the activation of hypoxia-
related genes (Dahia et al., 2005). In the COMETE cohort, we
showed that, although close, these tumors were classified in
two separate gene expression clusters (C1A and C1B) (Burni-
chon et al., 2011). Here, we found that 150 out of 344 genes
(44%) significantly downregulated in SDH- as compared to
VHL-tumors were hypermethylated (data not shown). Epigenetic
remodeling thus explains a significant part of transcriptional
differences between SDH- and VHL-related tumors.
SDHB mutations confer a much worse prognosis than muta-
tions in other SDHx genes (Amar et al., 2007). No mechanism
has been proposed to explain these differences. We found
that although all SDHx-mutated tumors displayed a hyper-
methylator phenotype, the level of hypermethylation was
significantly higher, and the expression of target genes was
significantly lower in SDHB-mutated tumors. As target genes
include genes implicated in neuroendocrine differentiation and
epithelial-to-mesenchymal transition (EMT), this may explain
the particular malignancy of SDHB-mutated tumors. SDHB
encodes a catalytic subunit of SDH (Rutter et al., 2010). We
hypothesize that SDH inactivation may be more complete in
SDHB-mutated tumors than in tumors harboring mutations in
other subunits, leading to a higher succinate accumulation
and hence to a stronger inhibition of 2-OG-dependent demethy-
lation. However, we were not able to detect significant differ-
ences in succinate concentrations between SDHB-mutated
and other SDH-related tumors. Future studies will be needed
to dissect the functional impact of mutations affecting different
SDH subunits.
There have recently been several promising findings for epige-
netic cancer therapy. Notably, Tsai et al. (2012) demonstrated
that low doses of the DNA demethylating agents, DAC and
azacitidine, had durable antitumor effects on hematological and
epithelial tumor cells. Thus, low doses may help avoid the
extreme toxicities of these agents at high dose that have pre-
vented the investigation of the true clinical responses. We show
Figure 6. The Hypermethylator Phenotype Is Particularly Severe in SDHB-Mutated Tumors
(A) Mean methylation of all CpG island probes significantly hypermethylated in M1 tumors, according to tumor subgroup. Box-and-whisker plots show the
distribution of mean beta values relative to each DNA methylation subgroup. M1 tumors are separated into SDHB-mutated and SDHB-wild-type tumors. The
middle bar, median; box, interquartile range; bars extend to 1.5 times the interquartile range.
(B) Mean expression of genes significantly hypermethylated and downregulated in M1 tumors, according to tumor subgroup.
(C) Distribution of mean expression levels of target genes relative to the mean methylation levels of CpG sites hypermethylated in M1 tumors. Tumor subgroups
are represented with a color code, and the mutations of non-SDHB-mutated M1 tumors are indicated next to each dot.
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that the increasedmigratory capacities ofSdhb!/!mouse chro-
maffin cells are repressed by transient DAC treatment, even at a
10 nMconcentration, which led tominor cytotoxicity. The precise
molecular changes associated with these treatments will have to
be deciphered in future studies, both in vitro and in vivo. In viewof
these findings, the reversal of promoter DNA hypermethylation
and associated gene silencing may rise as an attractive alterna-
tive approach to surgery for SDHx- and FH-mutated PGL/PCC.
NPY, which shows the strongest transcriptional silencing in
M1 tumors, may be a good marker. NPY levels were shown to
be increased in the plasma and tumors of patients with
PCC and to be significantly lower in extra-adrenal tumors (deS
Senanayake et al., 1995). A comprehensive study of candidate
markers in a large independent cohort will be useful to determine
the best marker of this aggressive subgroup.
In summary, our analysis indicates that PGL/PCC can be clas-
sified into three distinct subgroups according to genome-scale
DNA methylation changes. The identification of a hypermethyla-
tor phenotype in SDHx- and FH-mutated tumors helps in
explaining both the tumor-suppressive role of these genes and
some of the phenotypic characteristics of these tumors. The
malignancy of SDHB-mutated PGL/PCCmay be due to a severe
epigenetic silencing of genes involved in cell differentiation and
EMT. These findings have clinical implications for PGL/PCC
diagnosis and may lead to targeted epigenetic treatment for
patients with TCA cycle alterations.
EXPERIMENTAL PROCEDURES
Collection and Processing of PGL/PCC and Normal Tissue Samples
A total of 145 tumor samples from 145 different patients recruited in
the COMETE network from 1993 to 2008 were included in the study. Ethical
approval for the study was obtained from the institutional review board
Figure 7. Comparison of Hypermethylator
Phenotypes in PGL/PCC, Colorectal
Cancer, and Glioblastoma
(A) Correlation between CIMP-specific hyper-
methylation patterns in the three cancers. The
mean beta value difference between CIMP and
non-CIMP tumors was calculated for all CpG sites
in each cancer type. Each scatterplot represents
the correlation of beta value differences between
two cancers. Red dots indicate CpG sites hyper-
methylated in the CIMP subgroups of both can-
cers (beta value difference >0.2 between CIMP
and non-CIMP tumors).
(B) Venn diagram showing hypermethylated loci
shared by the PGL/PCC hypermethylator pheno-
type, the colorectal cancer CIMP-high phenotype,
and the glioblastoma G-CIMP phenotype. See
also Figure S5.
(CPP Paris-Cochin, January 2007). All patients
provided written informed consent for the
collection of samples and subsequent analyzes.
Three adrenal medulla samples from healthy
individuals were also included as controls. Germ-
line DNA was extracted from leukocytes using
standard protocols. Tumor and normal medulla
samples were powdered in liquid nitrogen
(30–50 mg), and DNA was extracted using a
QIAamp DNA Mini Kit or an AllPrep Kit (QIAGEN, Hilden, Germany). For
details, see the Supplemental Experimental Procedures.
DNA Methylation Arrays
Whole-genome DNA methylation was analyzed in 145 PGL or PCC and three
normal adrenal medulla samples using the Illumina Infinium HumanMethyla-
tion27 assay (Bibikova et al., 2009). Twenty-four samples were later reana-
lyzed using the more comprehensive Illumina Infinium HumanMethylation450
Beadchips. Microarray experiments were performed by Integragen SA (Evry,
France). In brief, genomic DNA was bisulfite-converted using the EZ-96 DNA
Methylation Kit (Zymo Research, Irvine, CA, USA), whole-genome amplified,
enzymatically fragmented, and hybridized to the BeadChip arrays in accor-
dance with the manufacturer’s instructions. The beta value DNA methylation
scores for each locus were extracted together with detection p values from
Illumina GenomeStudio software. As described elsewhere (Hinoue et al.,
2012), we replaced data points with a detection p value >0.05 by ‘‘NA’’ values,
and we masked data points as ‘‘NA’’ for 4,484 probes that contain single-
nucleotide polymorphisms or overlap with a repetitive element that are not
uniquely aligned to the human genome (NCBI build 36/Hg18) or that overlap
with regions of insertions and deletions in the human genome. Probes were
considered to be in a promoter CpG island if they were located within a
CpG island (UCSC database) and less than 1,500 bp away from a transcrip-
tion start site.
DNA Methylation-Based Classification of Pheochromocytomas
and Paragangliomas
We used consensus clustering (Monti et al., 2003) to identify PGL/PCC sub-
groups on the basis of their DNA methylation profiles. We selected the 10%
most variant probes (n = 2,152) among those that did not contain any «NA»-
masked data point. We then established consensus partitions of the data
set in K clusters (for K = 2, 3, ., 8), based on 1,000 resampling iterations of
hierarchical clustering, with Pearson’s dissimilarity as the distance metric
and Ward’s method for linkage analysis. We used the cumulative distribution
functions (CDF) of the consensus matrices to determine the optimal number
of clusters, considering both the shape of the functions and the area under
the CDF curves (Figure S1). The Bioconductor ConsensusClusterPlus pack-
age was used for consensus clustering analysis.
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Reduced Representation Bisulphite Sequencing Analysis of Mouse
Chromaffin Cells
RRBS was performed by Integragen SA (Evry, France), as described else-
where (Gu et al., 2011; Smallwood and Kelsey, 2012). In brief, 300 ng of
mouse genomic DNA were digested with 14 units of MspI (NEB). After
end-repair, A-tailing, and ligation to methylated Illumina adapters, the library
fragments of 40–220 bp were gel isolated, subjected to a double bisulfite
conversion with the EpiTect Bisulfite kit from QIAGEN, PCR amplified, and
sequenced on an Illumina HiSeq2000 sequencer as paired-end 75 bp reads.
We used Trim Galore! (http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore) to filter out the adaptor sequences. Bisulfite mapping and
methylation calling were performed in a single step using the bismark soft-
ware (Krueger and Andrews, 2011). Only reads uniquely aligned to the
mm9 assembly of the mouse genome were retained, and we required a
coverage of at least ten reads to call methylation score for a CpG site. We
downloaded the list of Mouse CpG islands from the UCSC genome browser,
and we inferred a DNA methylation rate to each CpG island with more than
ten individual CpG measurements and more than 100 total reads. To identify
differentially methylated CpG sites or CpG islands, we compared the number
of methylated and unmethylated observations in WT and Sdhb!/! cells
using Fisher’s exact test. CpG islands with an FDR-adjusted p value <0.05
and absolute methylation difference >5% were considered differentially
methylated. Human and mouse orthologs were downloaded from the Mouse
Genome Database (Eppig et al., 2012).
Generation of Sdhb–/– Immortalized Mouse Chromaffin Cells
Sdhb-floxed mice were generated at the Mouse Clinical Institute (Illkrich,
France). A targeting vector containing Sdhb exon 2 flanked by LoxP sites
followed by a neomycin (neo) selection cassette flanked by Frt sites (Fig-
ure 2A) was introduced into P1 (129 S2/SvPas) ES cells by electroporation.
Two positive embryonic stem clones were injected into C57BL/6J blasto-
cysts, and the resulting male chimeras gave germline transmission. These
mice were mated to Flipase-expressing mice to delete the Neo cassette.
Sdhb
+/lox mice were intercrossed to obtain Sdhblox/lox mice, and mouse
chromaffin cells (mCCs) were isolated from the adrenal medulla of these
Sdhb
lox/lox as described elsewhere (Kolski-Andreaco et al., 2007). All studies
were performed in accordance with the relevant guidelines of the French
Ministry of Agriculture (Authorization Executive Order A751532) for scientific
experimentation on animals, European Communities Council Directive, and
international ethical standards. Cells were cultured at 37"C, under 5% CO2
in a standard medium containing Dulbecco’s modified Eagle’s medium
with glutamine and a high glucose concentration (DMEM glutaMAX, GIBCO,
Life Technologies, Saint Aubin, France) supplemented with 10% fetal bovine
serum (GIBCO) and 1% penicillin-streptomycin (GIBCO). The cultures
remained quiescent for 6 months, after which some started to grow sponta-
neously from mCCs clusters. These immortalized cells were isolated
and infected with 107 plaque-forming units (pfu)/ml of an adenovirus
expressing Cre-recombinase (Ad5CMV-Cre, Cell BioLabs, San Diego). A
clonal approach by limiting dilution cloning assay was used to obtain homog-
enous Sdhb!! immortalized mCCs clones (imCC clones 6 and 8). Sdhb!/!
and Sdhblox/lox (referred to as WT) imCCs were maintained in standard
medium with or without 2.5 mM dimethyl 2-oxoglutarate (Sigma-Aldrich,
St. Louis).
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Tumor ID Mutation Methylation Fumarate Succinate
cluster nmol/mg nmol/mg
CIT_016 NF1 ND 1,05 1,7
CIT_034 TMEM127 M3 0,17 0,6
CIT_038 NF1s ND 0,52 1,3
CIT_056 NF1 M3 0,33 0,7
CIT_059 MAX M3 0,03 0,1
CIT_091 M3 1,22 2,5
CIT_186 SDHA M1 0,88 127
CIT_082 SDHB M1 0,24 154
CIT_083 SDHB M1 0,48 176
CIT_088 SDHD M1 0,69 133
CIT_048 SDHD M1 0,84 200
CIT_158 SDHD ND 0,45 144
CIT_116 SDHB M1 0,97 393
CIT_121 FH M1 5,59 3,3
CIT_138 SDHB M1 1,7 193
CIT_149 SDHB M1 0,2 49
CIT_196 SDHB M1 0,44 149
CIT_200 SDHB M1 1,52 85
CIT_201 SDHB M1 2,2 48


















































chr1 33161085 - SYNC Exon 2 T A missense Q9H7C4 205 E V probably damaging
chr1 43223576 - LEPRE1 Exon 5 C T missense Q32P28 320 A T probably damaging
chr1 46073437 + NASP Exon 6 C T missense P49321 285 T I benign
chr1 155030873 + ADAM15 Exon 15 C G missense Q13444 625 Q E possibly damaging
chr1 223988509 - TP53BP2 Exon 10 G A missense B4DG66 410 S F benign
chr1 241667407 - FH Exon 7 C G missense P07954 348 G A probably damaging
chr2 69206084 + GKN1 Exon 4 T G missense Q9NS71 110 S A benign
chr7 37955793 - SFRP4 Exon 1 T G missense Q6FHJ7 116 N T possibly damaging
chr7 148964188 + ZNF783 Exon 4 A C
missense + 
splice exon
Q6ZMS7 183 D A probably damaging
chr7 154746115 - PAXIP1 Exon 16 C T missense Q6ZW49 891 G R probably damaging
chr8 2813142 - CSMD1 Exon 64 C T missense F5GZ18 3321 M I benign
chr11 1993875 + MRPL23 Exon 5 G A nonsense Q16540 128 W *
chr12 82748300 - CCDC59 Exon 3 G C missense Q9P031 180 Q E probably damaging
chr12 82748302 - CCDC59 Exon 3 A T missense Q9P031 179 I K possibly damaging
chr13 43180690 + TNFSF11 Exon 5 C G missense O14788 197 S C probably damaging
chr13 106124975 + DAOA Exon 3 G C missense P59103 74 Q H probably damaging
chr14 29237813 + FOXG1 Exon 1 C T missense P55316 443 T M probably damaging
chr14 79423621 + NRXN3 Exon 8 T C missense Q9Y4C0-3 398 L P probably damaging
chr19 9089785 - MUC16 Exon 1 G T missense B5ME49 677 S Y possibly damaging
chr20 37230621 + ARHGAP40 Exon 1 G A missense Q5TG30 12 M I not determined
chr22 28379474 - TTC28 Exon 23 T C missense Q96AY4 2061 I V possibly damaging
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Collection and processing of PGL/PCC and normal tissue samples 
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Gene expression data 
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RPMM classification of PGL/PCC DNA methylation profiles$
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Comparison of CIMP phenotypes between different cancers 
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Assessment of enzymatic activities##
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Somatic NF1 inactivation is a frequent event
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Germline mutations in the RET, SDHA, SDHAF2, SDHB, SDHC, SDHD, MAX, TMEM127, NF1 or VHL genes are
identified in about 30% of patients with pheochromocytoma or paraganglioma and somatic mutations in RET,
VHL or MAX genes are reported in 17% of sporadic tumors. In the present study, using mutation screening
of the NF1 gene, mapping of chromosome aberrations by single nucleotide polymorphism (SNP) array,
microarray-based expression profiling and immunohistochemistry (IHC), we addressed the implication of
NF1 somatic alterations in pheochromocytomas and paragangliomas. We studied 53 sporadic tumors,
selected because of their classification with RET/NF1/TMEM127-related tumors by genome wide expression
studies, as well as a second set of 11 independent tumors selected on their low individual levels of NF1 ex-
pression evaluated by microarray. Direct sequencing of the NF1 gene in tumor DNA identified the presence of
an inactivating NF1 somatic mutation in 41% (25/61) of analyzed sporadic tumors, associated with loss of the
wild-type allele in 84% (21/25) of cases. Gene expression signature of NF1-related tumors highlighted the
downregulation of NF1 and the major overexpression of SOX9. Among the second set of 11 tumors, two spor-
adic tumors carried somatic mutations in NF1 as well as in another susceptibility gene. These new findings
suggest that NF1 loss of function is a frequent event in the tumorigenesis of sporadic pheochromocytoma
and strengthen the new concept of molecular-based targeted therapy for pheochromocytoma or paragan-
glioma.
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Paragangliomas are neural crest-derived tumors arising from
sympathetic and parasympathetic paraganglia. Paragangliomas
developed in the adrenal medulla are called pheochromocyto-
mas. About one-third of these tumors occur in a hereditary
context and are then linked to a germline mutation in one of
the ten susceptibility genes known to date: the RET proto-
oncogene (1) and the SDHA (2), SDHB (3), SDHC (4),
SDHD (5), SDHAF2 (6), NF1 (7), VHL (8), TMEM127 (9)
and MAX (10) tumor suppressor genes.
Germline mutations in one of these susceptibility genes
were described in patients with familial tumor syndromes in-
cluding multiple endocrine neoplasia type 2 (MEN2), von
Hippel Lindau (VHL) disease, neurofibromatosis type 1
(NF1) and familial paraganglioma/pheochromocytoma, but
also in 11–19% of patients with a sporadic presentation of
pheochromocytoma or paraganglioma (11–16).
Until recently, proven somatic mutations (i.e. mutations
found in tumor DNA but not in the corresponding germline
DNA) in sporadic pheochromocytoma/paraganglioma were
identified in VHL, RET, SDHB and SDHD but their frequency
was reported to be low (17–20). However, we lately reported
the occurrence of somatic mutations in VHL and RET genes in
14% of sporadic pheochromocytoma/paraganglioma from the
COMETE cohort (21). Subsequently, we reported one germ-
line and three somatic mutations in the MAX gene within the
same cohort (22).
In the present study, using direct sequencing of the NF1
gene and single nucleotide polymorphism (SNP) array to de-
termine the associated loss of heterozygosity (LOH), we
report, for the first time, the high level of NF1 somatic altera-
tions in pheochromocytoma. We demonstrate that 41% (25/61)
of the sporadic tumors we analyzed harbor an inactivating
somatic mutation in the NF1 gene associated with loss of
the wild-type allele in 84% (21/25) of cases.
RESULTS
High frequency of NF1 somatic mutations
in pheochromocytoma
To assess the contribution of NF1 somatic mutations in spor-
adic pheochromocytoma/paraganglioma, NF1 genotyping was
performed in a first set of 53 samples. These samples were
selected from a large cohort of 202 pheochromocytomas and
paragangliomas because, (1) they were classified with RET/
NF1/TMEM127-related tumors (Cluster 2A) in genome wide
expression studies (21); and (2) they harbored neither germline
mutation in the main pheochromocytoma/paraganglioma sus-
ceptibility genes nor somatic mutation in RET, TMEM127
and MAX genes (Supplementary Material, Table S1). The
results are presented in Table 1.
Twenty-four truncating mutations were identified in the
NF1 gene by direct sequencing, including 13 small deletions,
one small insertion and one indel, all resulting in a premature
stop codon; 4 nonsense mutations; 3 splice mutations leading
to exon skipping, confirmed in each case by cDNA analysis;
2 mutations (c.205–1G.C and c.1885G.A) leading to the
creation of a new splice acceptor site and resulting,
respectively, in a premature stop codon (p.Arg69Asnfs∗7) and
in a partial exon 12b deletion with premature stop codon
(p.Gln616Glyfs∗4), described previously (23). One in-frame de-
letion of two amino acids (c. 7096_7101del, p.Asn2366_
2367del) was also found, previously described as likely deleteri-
ous (24).
Finally, we identified one missense variation (c.7532C.T,
p.Ala2511Val, rs148154172) with unknown significance, so, it
was not considered in further analyses.
In one tumor sample (#167), cDNA analysis revealed two
abnormalities in the NF1 gene: the c.5184insA mutation in
exon 28 and an exon 19A deletion. The last one was slightly
visible on the corresponding electropherograms. The analysis
of the corresponding tumor DNA clearly showed the presence
of the c.5184insA while the c.3196+2T.G in intron 19A was
detected, but at a very low level (Fig. 1A). In the patient’s
leucocyte DNA, the c.5184insA was absent but the
c.3196+2T.G heterozygous mutation was found (Fig. 1A).
The germline status of the NF1 mutation was also proven in
two other patients (#002 and #012) (Table 1). In these three
patients without previous clinical diagnosis of neurofibroma-
tosis type 1, clinical re-examination revealed very mild fea-
tures of the disease including clear cafe´-au-lait spots and
small perigenito-axillaris lentiginosis. Two of them (#002
and #012) reported a NF1 familial history, which was
unknown at the time of pheochromocytoma diagnosis.
Supervised analysis reveals that NF1 and SOX9 are the
most under- and over-expressed genes in NF1-mutated
tumors, respectively
In light of the samples of our cohort newly associated with
NF1 mutations, we re-analyzed the expression data for the
78 tumors classified in Cluster 2A in our previous study
(21). A supervised analysis identified genes significantly
deregulated in NF1-mutated tumors. Using a moderate
T-test, we found 470 genes significantly upregulated, and
1,021 genes significantly downregulated in NF1-mutated
tumors compared with other tumors from Cluster 2A
(FDR-adjusted P-value ,0.05, Supplementary Material,
Table S2). Gene ontology (GO) analysis identified extracellu-
lar matrix organization, collagen biosynthetic process, cell ad-
hesion and Wnt receptor signaling pathway as the most
significant terms associated with the 470 upregulated genes
(P , 0.01). The gene most strongly overexpressed in
NF1-mutated tumors was the neural crest transcription factor
SOX9 (Table 2). The 1,021 genes significantly underexpressed
in NF1-mutated tumors were associated with intracellular
protein transport, ncRNA metabolic process, translation and
generation of precursor metabolites and energy (P, 0.01).
The NF1 gene was the most strongly underexpressed gene in
NF1-mutated tumors (Table 2).
Analysis of individual microarray values of NF1 expression
in Cluster 2A tumors (Fig. 2) revealed that evaluation of NF1
mRNA levels was a powerful criterion to identify NF1-related
tumors (harboring germline or somatic mutations). We thus
searched for NF1 mutations in 11 additional samples, which
harbored a low level of NF1 mRNA expression. They com-
prised three hereditary tumors with germline mutation (one
in SDHB and two in VHL) and eight sporadic tumors











































without germline mutation, including four with a previously
identified somatic mutation (one in RET and three in VHL).
We identified two NF1 somatic mutations (c.4600delG;
p.Ala1534Glufs∗19) and (c.289_888del; p.Gln97_Lys296del)
in two out of the four sporadic tumors carrying a previously
identified somatic mutation, one in RET and one in VHL
gene (Supplementary Material, Table S3).
In order to obtain an easy tool, transferable to routine prac-
tice, we further evaluated neurofibromin and Sox9 expression
at protein level by immunohistochemistry (IHC) on 18
paraffin-embedded tumor samples, which included samples
with germline (n ¼ 4) and somatic (n ¼ 7) mutations in the
NF1 gene (Supplementary Material, Table S4). Tumors were
classified according to the level of expression of






















036 Adrenal B LOH – – No (LOH only) NA
051 Adrenal B LOH – – No (LOH only) NA
057 Adrenal B LOH – – No (LOH only) NA
131 Adrenal B LOH – – No (LOH only) NA
139 Adrenal B LOH – – No (LOH only) NA
146 Adrenal M LOH – – No (LOH only) NA
187 Adrenal B LOH – – No (LOH only) NA
011 Adrenal B No c.7532C.T p.Ala2511Val No (UV only) Yes
037 Adrenal B No c.7843_7855del p.Gln2614Metfs∗4 COOH-term affected No (truncating
mutation only)
No
099 Adrenal B No c.8046_
8047delinsTT
p.Gln2703∗ COOH-term affected No (truncating
mutation only)
No







053 Adrenal B LOH Whole gene
deletion
No protein No protein Yes No
110 Adrenal B LOH c.7096_7101del p.Asn2366_
2367del (23)
Unknown Yes No




003 Adrenal B LOH c.7393del p.Arg2465Glyfs∗3 COOH-term affected Yes No
033 Adrenal B LOH c.3158C.A p.Ser1053∗ Loss of GRD-domain Yes No
045 Adrenal B LOH c.3398_3399del p.Glu1133Aspfs∗61 Loss of GRD-domain Yes No
049 Adrenal M LOH c.489del p.Glu163Aspfs∗2 Loss of GRD-domain Yes No
056 Adrenal B LOH c.2546del p.Gly849Glufs∗29 Loss of GRD-domain Yes No
061 Adrenal B LOH c.7519C.T p.Gln2528∗ COOH-term affected Yes No
068 Adrenal B LOH c.7583C.G p.Ser2549∗ COOH-term affected Yes No
072 Adrenal B LOH c.5675_5678del p.Lys1913Asnfs∗11 COOH-term affected Yes No
120 Adrenal B LOH c.392_408del p.Ala131Glyfs∗18 Loss of GRD-domain Yes No
147 LN met. M LOH c.3721C.T p.Arg1241∗ (47) Loss of GRD-domain Yes No
154 Adrenal B LOH c.397del p.Ala132Leufs∗33 Loss of GRD-domain Yes No
161 Adrenal B LOH c.2533del p.Cys845Valfs∗33 Loss of GRD-domain Yes No
162 Adrenal B LOH c.1885G.A p.Gln616Glyfs∗4
(23,47,48)
Loss of GRD-domain Yes No
169 Adrenal B LOH c.205–1G.C p.Arg69Asnfs∗7 Loss of GRD-domain Yes No
174 Adrenal B LOH c.2939_2958del p.Ser980∗ Loss of GRD-domain Yes No
180 Adrenal B LOH c.6800_6801del p.Gln2287Argfs∗18 COOH-term affected Yes No
002 Adrenal B LOH c.3025del p.Ile1009Phefs∗3 Loss of GRD-domain Yes Yes
012 Adrenal B LOH c.2991–1G.C p.Tyr998_
Arg1038del (49)
Unknown Yes Yes
167 Adrenal B LOH 1) c.3196+2T.G 1) p.Asn1039_
Arg1065del
1) Unknown Yes Yes
2) c.5184insA 2) p.Asp1728Argfs∗7 2) COOH-term affected (Mut #1)
LOH and/or genetic alterations were identified in 33/53 analyzed tumors.
NCBI reference sequences: NM_000267.3 and NP_000258.1.
LOH, loss of heterozygosity; UV, unknown variant; NA, not applicable; LN, lymph node; Met, metastasis; B, benign; M, malignant.
aThe GRD central domain of the protein is coded by exons 20–27a (50). Any truncating mutation in this domain will affect the GAP function of the protein.
Upstream of this GRD-domain, a CSRD coded by exons 11–17 has been described (49). However, its role remains unknown. Truncating mutations identified
downstream of the GRD-domain will affect the COOH terminal part (COOH-term) of the protein inside of which domains are not clearly identified. This COOH
part of neurofibromin contains several potential phosphorylation sites.











































neurofibromin or Sox9 (Supplementary Material, Table S4 and
Fig. S1). Almost all non-NF1 mutated samples displayed no or
low expression of neurofibromin (6/7) and no or low expres-
sion of the Sox9 protein (5/7). We found NF1-mutated
tumors with no (n ¼ 2), low (n ¼ 4) or high (n ¼ 5) expression
of the neurofibromin. Eight out of the 11 NF1-mutated
samples expressed Sox9.
Loss of heterozygosity (LOH) at the NF1 locus is
significantly associated with NF1 mutations
The SNP array analysis of the 78 tumors belonging to Cluster
2A revealed LOH at the NF1 locus (17q11.2) in 38 tumors
(49%). Twenty-two LOH were large, spanning the whole
chromosome 17 or, at least, the entire 17q arm (Supplementary
Material, Fig. S2A), whereas 16 LOH were restricted to the
area flanking the NF1 gene locus (focal LOH , 20 Mb,
Supplementary Material, Fig. S2B). Moreover, we detected a
homozygous deletion of the NF1 gene in one tumor (#053,
Supplementary Material, Fig. S2C and Table 1).
LOH at the NF1 locus was significantly more frequent in
NF1-mutated tumors, whatever the germline or somatic
status of the mutation (32/35, 91%), than in other tumors of
expression Cluster 2A (6/43, 14%) (P ¼ 2.26 × 10212,
Fisher’s exact test).
Other recurrent chromosome rearrangements in these
tumors included 21p, +1q, 23q, 26q, 217p, 221 and
222, and displayed similar frequencies in NF1-, RET-, and
tumors without mutation (Supplementary Material, Fig. S3).
For sample #167, which carried two different NF1 muta-
tions, the SNP array analysis showed the presence of a large
17q LOH (Fig. 1B). The comparison of the NF1 sequence
electropherograms from the germline and the tumor DNA
revealed the loss, by LOH mechanism, of the allele carrying
Figure 1. Genetic events in a tumor sample associating NF1 germline mutation, NF1 somatic mutation and LOH at NF1 locus. (A) Direct sequencing electro-
pherograms of NF1 in the two areas of mutations (exon 19A and exon 28) for patient #167. The middle and the bottom panels show the patient’s blood DNA and
the patient’s tumor DNA analyses, respectively, revealing the presence of the c.3196+2T.G mutation in the germline DNA and the c.5184insA mutation in the
tumor DNA only. In the patient’s tumor DNA, the predominance of the wild-type allele c.3196+2T combined with the presence of the somatic mutation
c.518insA indicates that the two mutations are carried by two different alleles and that the allele lost by LOH mechanism (panel B) carries the germline mutation
c.3196+2T.G. (B) LRR and BAF profiles along chromosome 17 showing LOH at NF1 locus in tumor #167. Yellow: no copy number alteration; green: LOH;
light blue (BAF plots): LOH; black (BAF plots): heterozygosity.











































the germline mutation (c.3196+2T.G) in the tumor tissue
and the presence of a second mutation (c.5184insA) only in
the tumor DNA (Fig. 1A).
DISCUSSION
In our cohort of sporadic pheochromocytoma/paraganglioma,
we previously established the significant contribution of
somatic mutations in the VHL (11/119, 9.2%), RET (6/119,
5%) and MAX (3/119, 2.5%) genes (21,22). In the present
study, we completed the genetic characterization of the
cohort and identified a NF1 inactivating somatic mutation in
25/61 of sporadic tumors we analyzed, associated in a majority
of cases with LOH at the NF1 locus. The genetic characteriza-
tion of the COMETE cohort comprising 202 tumors we per-
formed to date is summarized in Figure 3. Among the
NF1-related sporadic tumors, 23 were pheochromocytomas,
1 was an abdominal paraganglioma and 1 was a lymph node
metastasis of a pheochromocytoma diagnosed 13 years
before. Three out of the 25 tumors were malignant. Altogether,
these data clearly show that 36% (43/119) of sporadic pheo-
chromocytoma/paraganglioma harbor, at least, one somatic
mutation in pheochromocytoma/paraganglioma susceptibility
genes. Fifty-six percent of all somatic mutations identified in
our series are carried by the NF1 gene, which should be
now considered as the foremost-inactivated gene in sporadic
pheochromocytoma.
To our knowledge, the involvement of NF1 somatic altera-
tions was never reported in pheochromocytoma/paraganglioma.
However, somatic NF1 mutations were previously identified in
41% (9/22) of sporadic malignant peripheral nerve sheath
tumors that are, as pheochromocytomas, neoplasms associated
with neurofibromatosis type 1 (24). Various studies have also
identified somatic NF1 alterations in non-neurofibromatosis-
associated cancers. Somatic NF1 inactivating mutations or
deletions were described in 15–23% of glioblastoma (25,26),
22% of ovarian serous carcinomas (27), 8% of lung adenocar-
cinomas (28), 5% of neuroblastoma (29) as well as in acute
myeloid leukemia (30). These data showed that aberration in
the NF1 tumor suppressor gene is a key genetic event in tumori-
genesis of various cancers, including pheochromocytoma.
Among the NF1 mutations identified in this study, three oc-
curred at a germline level while the clinical diagnosis of
neurofibromatosis type 1 had not been previously established
for these patients. It is important to note that, in contrast to
SDHx, RET, VHL, MAX and TMEM127, the NF1 mutation
screening is not performed routinely by molecular genetics la-
boratories worldwide involved in pheochromocytoma/para-
ganglioma genetic diagnosis. Indeed, as clinical features of
neurofibromatosis type 1 are usually obvious, this diagnosis
is currently restricted to the evaluation of clinical criteria
(31). Moreover, the mutation analysis of NF1 by the Sanger
method remains a challenge for laboratories, due to the large
size of the gene (60 coding exons spanning over 350 kb,
2839 amino acids), the lack of mutation hotspots and the ex-
istence of multiple pseudogenes (32). To our knowledge,
only one group reported NF1 mutation screening in patients
with apparently sporadic pheochromocytomas (33). Of the
27 cases, Bausch et al. found one (4%) with a NF1 germline
mutation. Clinical re-evaluation of the patient revealed
classic, but very mild features of NF1 disease (33). The de-
scription, in the present study, of three similar cases confirms
that NF1 germline mutation is not common in apparently spor-
adic pheochromocytomas and strengthens that a very careful
clinical investigation of typical neurofibromatosis type 1 fea-
tures must be conducted in each patient with pheochromocy-
toma.
Gene expression and biological pathway analyses per-
formed in NF1-related pheochromocytomas revealed the acti-
vation of genes involved in cell differentiation, cell adhesion
and motility as well as in cellular and organ developmental
Table 2. Top genes significantly deregulated in NF1-mutated tumors
Genes overexpressed in NF1-mutated tumors Genes underexpressed in NF1-mutated tumors
Gene symbol Fold change (NF1/others) FDR-adjusted P-value Gene symbol Fold change (NF1/others) FDR-adjusted P-value
SOX9 3.14 0.0189 NF1 0.33 3.65E206
COL1A1 2.66 0.0043 GDF10 0.36 0.0226
DHRS2 2.66 0.0234 SLC35D3 0.41 0.00383
MME 2.58 0.0215 FUT9 0.46 0.0159
COL3A1 2.41 0.00712 CCDC68 0.47 0.0166
COL1A2 2.33 0.0138 RSAD2 0.47 0.0243
POSTN 2.23 0.0468 MR1 0.48 5.45E-05
COL1A1 2.22 0.00967 NTRK1 0.48 0.0278
SFRP2 2.17 0.0404 ANKRD29 0.48 0.0159
DUXAP10 2.14 6.19E204 SGK494 0.5 0.0138
SLITRK6 2.11 0.0255 ALDOC 0.51 1.64E205
DCN 2.04 0.0442 HERC5 0.51 0.0017
MXRA5 2.01 0.021 TMEM35 0.51 0.0461
FNDC1 1.99 0.0023 KRT222 0.52 5.39E205
ACHE 1.95 0.0404 CD24 0.52 0.037
CTHRC1 1.93 0.0272 SFRP5 0.52 0.038
GPNMB 1.93 0.0414 TMEM100 0.53 0.0232
BCL8 1.91 0.0378 MX1 0.53 0.0166
TLL2 1.87 0.0138 TRIM6 0.53 0.0314
SPRY2 1.87 0.00416 CPD 0.54 1.54E–04











































processes. This may explain the slight increase in malignant
forms of pheochromocytomas observed in NF1-mutated
patients, when compared with RET-related ones. Interestingly,
SOX9 gene turned out to be the most highly increased in
NF1-mutated tumors. Consistently, this gene was also overex-
pressed in pheochromocytomas developed in Nf1 knockout
mice (34). It was identified as a potential biomarker strongly
expressed in neurofibromatosis type 1 relative tumors, and
possibly as a therapeutic target in NF1 disease (35).
However, Sox9 immunostaining is not sufficient to identify
all NF1-mutated pheochromocytomas.
NF1 was the most significantly underexpressed gene in
NF1-mutated tumors. Individual values suggested that analysis
of its mRNA expression could be a useful tool to suggest the
presence of a germline or a somatic NF1 mutation. The iden-
tification of two additional NF1 mutations in tumors with low
NF1 mRNA expression confirmed this hypothesis. Unfortu-
nately, we were not able to validate this observation at the
protein level and neurofibromin IHC was unsuccessful in iden-
tifying NF1-mutated samples. To our knowledge, we used the
only neurofibromin antibody validated for IHC on
paraffin-embedded tissues. Hence, in contrast to SDHB,
SDHA and MAX IHC, which can help targeting mutation ana-
lysis in SDHx and MAX genes, respectively (22,36,37), neuro-
fibromin IHC is not an efficient tool to select NF1-mutated
tumors. However, the sensibility and specificity of neurofibro-
min and Sox9 IHC should be assessed in larger series of
tumors and further investigations should be performed to iden-
tify and validate a transferable NF1-mutation prediction tool.
Altogether our data reveal an important contribution of
somatic mutations in the genetics of pheochromocytoma and
paraganglioma. The combination of all germline and somatic
mutation analyses conducted in the COMETE cohort revealed
the involvement of one of the ten known susceptibility genes
in 60% of cases (121/202), including 78/202 (38.6%) tumors
with a germline mutation and 43/202 (21.3%) with a
somatic mutation (Fig. 3). We found germline or somatic
NF1 mutations in 37 tumors, making NF1 the second gene
involved in the disease, after VHL (40 mutations) and before
SDHB (18 mutations) and RET (16 mutations). The other
genes (SDHA, SDHC, SDHD, MAX and TMEM127) account
for less than five mutations each. Our data also showed the
possible association of two somatic mutations in two different
pheochromocytoma susceptibility genes (RET and NF1; VHL
and NF1) contributing to the tumorigenesis of one sporadic
tumor. In the next future, predictive molecular markers
should be developed to assess a tailored therapeutic program
based on the molecular characterization of the initial tumor




Ethical approval for the study was obtained from the institu-
tional review board (CPP Paris-Cochin, January, 2007). All
patients provided a written informed consent for the collection
of samples and subsequent analyses.
Patients and tumor samples
The tumor and blood samples were prospectively collected by
the French “Cortico et Me´dullosurre´nale: les Tumeurs Endo-
crines” (COMETE) network. The procedures used for pheo-
chromocytoma/paraganglioma diagnosis were in accordance
with institutional guidelines and have been described previ-
ously (38). Diagnosis was confirmed by histology in every
case. Tumor samples were obtained from patients with pheo-
chromocytomas and/or abdominal or thoracic paragangliomas
collected by the Georges Pompidou European Hospital and by
the Cochin Hospital, Paris, France. Fresh tumor samples were
collected during surgery, immediately frozen and stored in
liquid nitrogen until processed. The entire cohort of pheochro-
mocytoma/paraganglioma (referred to as the ‘COMETE
cohort’) includes 202 tumor samples from 190 different and
consecutive patients recruited by the COMETE network
from 1993 to 2008 as previously described (21). The present
study was first focused on 53 tumor samples selected as
follows: (1) lack of germline mutations in RET, VHL,
SDHB, SDHC, SDHD, TMEM127 and MAX genes; (2) classi-
fication, by unsupervised hierarchical clustering analysis based
on the gene expression, with tumors presenting RET, NF1 or
TMEM127 germline mutations (i.e. Cluster 2A); and (3)
absence of RET, MAX and TMEM127 mutations in tumor
DNA.
The second set of tumors we analyzed comprised 11
samples, one with a SDHB germline mutation, two with a
VHL germline mutation, three with a VHL somatic mutation,
one with a RET somatic mutation and four without identified
mutation.
Among the 64 tumor samples, 60 were adrenal pheochro-
mocytomas, 2 were abdominal paragangliomas, 1 was a
lymph node metastasis and 1 was a thoracic paraganglioma.
Nucleic acids extraction
Blood DNA, tumor DNA and tumor RNA were extracted as
described previously (2).
Figure 2. Microarray evaluation of NF1 mRNA expression in Cluster 2A
tumors. Relative mRNA levels are indicated for tumors harboring a germline
(NF1g, n ¼ 12), a somatic (NF1s, n ¼ 22) or no mutation in the NF1 gene
(non-NF1, n ¼ 44).












































Microarray analyses were performed with HG-U133 Plus 2.0
Affymetrix GeneChip arrays (Affymetrix) as described previ-
ously (21). A moderate T test, as implemented in the limma
Bioconductor package (39), was used to identify significantly
deregulated genes between NF1-mutated and wild-type
tumors. We then used DAVID software (40) to detect GO
terms significantly enriched in the lists of up- and downregu-
lated genes.
SNP array analysis
Tumor samples were analyzed with Illumina Human610-Quad
v1.0 chips, containing 620 901 probes. Hybridization was per-
formed by IntegraGen (Evry, France), according to the instruc-
tions provided by the array manufacturer. Raw fluorescent
signals were imported into Illumina BeadStudio software
and normalized, as previously described (41), to obtain the
log R ratio (LRR) and B allele frequency (BAF) for each
SNP. The tQN normalization procedure was then applied to
correct for the asymmetry in BAF signals due to the bias
between the two dyes used in Illumina assays (42). LOH
were determined as previously described (43). In brief, allele-
specific copy numbers were determined using the Genome Al-
teration Print (GAP) method (44). We then considered a
chromosome region to have undergone LOH when the copy
number of the minor copy of the segment was ,0.5. Note
that throughout this paper, LOH refers to any chromosome
region in which one of the parental copies has been completely
lost, whatever the copy number of the retained chromosome.
Fisher’s exact test was used to compare the frequencies of
LOH in diverse tumor subgroups. The SNP data from the
78 tumors analyzed in this study have been deposited in
NCBI’s gene expression omnibus (GEO) (45) and are access-
ible through GEO series accession number [GEO: GSE38525].
NF1 genetic analysis
NF1 somatic mutation analysis was performed by sequencing
and multiplex ligation-dependent probe amplification (MLPA)
as previously described (46). We performed NF1 mutation
screening at both RNA and DNA levels. For eachNF1mutation
found in tumor DNA, the corresponding leucocyte DNA was
also checked for the presence of the mutation. Mutational
screening ofNF1was carried out on RNA through the following
procedure. After reverse transcriptionwith Superscript II RNase
H-Reverse Transcriptase (Invitrogen), eight overlapping PCR
fragments were generated by using FastStart Taq DNA poly-
merase (Roche). Mutation screening was performed with the
ABI BigDye terminator sequencing kit (Applied Biosystems)
on an ABI Prism 3130 automatic DNA sequencer (Applied Bio-
systems). Sequenceswere alignedwith Seqscapew analysis soft-
ware (Applied Biosystems) and were compared with the
corresponding cDNA reference sequence NM_000267. The
double strands sequencing of the eight large (from 970 to
1755 bp) overlapped RT-PCR fragments led to characterize
almost all the cDNA sequence, except alternative exons 23a,
29 and 30 that were, therefore, sequenced on genomic DNA.
Tumor and leucocyte DNA were amplified with specific
primers for the 60 coding exons of the NF1 gene and their inter-
vening sequence boundaries, including alternative exon 23a.
Owing to the multiple NF1 pseudogenes, the transcript
product of the NF1 gene was first sequenced. The double
strands sequencing of the RT-PCR products avoids
co-amplification of the non-processed pseudogenes. The con-
firmation of mutations identified at the cDNA level was per-
formed at the DNA level by using specific sense and antisense
oligonucleotides of the NF1 active copy. The primer oligo-
nucleotide sequences and PCR conditions are available on
request. Sequences were aligned with Seqscapew analysis soft-
ware (Applied Biosystems) and were compared with the corre-
sponding genomic DNA reference sequences NC_000017.10.
In the absence of evidence for pathogenic effect ofNF1 variants
Figure 3. Genetic characterization of the COMETE cohort. (A) Partition of germline and somatic mutations affecting the main pheochromocytoma/paragan-
glioma susceptibility genes identified in the whole cohort of 202 tumors recruited by the COMETE network. ∗Two somatic mutations were identified in two
different tumors: one presenting mutations in NF1 and RET and another one harboring mutations in NF1 and VHL genes. (B) A germline mutation in one of
the ten pheochromocytoma/paraganglioma susceptibility genes was found in 78 patients, while 43 tumors harbored a somatic mutation. No mutations were iden-
tified to date in the remaining set of 81 tumors.











































identified, in silico predictions were performed (ALAMUTw
software).
NF1 deletion screening was performed by MLPA analysis
using the SALSA MLPA kit P081 NF1 mix 1 and SALSA
MLPA kit P082 NF1 mix 2, as recommended in the manufac-
turer’s protocol (MRC-Holland, Amsterdam, the Netherlands).
Immunohistochemistry
For IHC study, we used 6 mm sections of paraffin-embedded
tissues, mounted on Superfrost plus glass slides.
We used anti-neurofibromin (Santa Cruz Biotechnologies,
sc-20982, 1:250) and anti-Sox9 (Millipore, AB5535, 1/500)
antibodies and performed heat-mediated antigen retrieval
using Tris-EDTA buffer (pH9) for 45 min and citrate buffer
(pH6) for 15 min, respectively. As they react with the
avidin–biotin-peroxidase complex (Vectastain ABC Elite,
Vector Laboratories), we used biotinylated secondary antibody
(Vector Laboratories). Peroxidase activity was detected with
Histogreen (Abcys). A negative control was performed by
omitting the primary antibody. A Leica DM400B microscope
was used to perform acquisitions, with 40X objective, thanks
to Leica Application Suite software version 2.8.1 and Leica
DFC420C camera.
Neurofibromin and Sox9 IHC were performed on 18
paraffin-embedded tumor samples, including 4 samples with
NF1 germline mutation, 7 samples with NF1 somatic mutation
and 7 non-NF1 mutated samples (2 RET-, 1 VHL-, 1
SDHB-related tumors and 3 tumors without mutation). Slides
were coded and classified blindly by two independent obser-
vers, according to the level of expression of the protein.
Slides presented no expression (score ¼ 0), a low (score ¼
1) or a high (score ¼ 2) cytoplasmic expression of neurofibro-
min. For Sox9 expression, slides presented no expression
(score ¼ 0), a low (score ¼ 1) or a high (score ¼ 2) nuclear
expression of the protein.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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Supplementary Material, Table S1: Genetic features of the 78 
pheochromocytomas/paragangliomas comprised in the RET/NF1/TMEM127-related 
tumor cluster (C2A). 
 
Supplementary Material, Table S2: List of probes significantly deregulated in NF1-
mutated tumors (FDR-adjusted p-value < 0.05). 
(S2a) Probes significantly overexpressed in NF1-mutated tumors (FDR-adjusted p-
value < 0.05); (S2b) Probes significantly underexpressed in NF1-mutated tumors 
(FDR-adjusted p-value < 0.05). Probes are sorted by expression difference. 
 
Supplementary Material, Table S3: Somatic events in the NF1 gene identified in a 
second set of 11 pheochromocytomas/paragangliomas with low NF1 mRNA expression. 
LOH, Loss Of Heterozygosity; g: germline mutation, s: somatic mutation, NM: non-
mutated. 
$The GTPase-activating protein-Related Domain (GRD) central domain of the protein 
is coded by exons 20 to 27a (50). Any truncating mutation in this domain will affect 
the GAP function of the protein. Upstream this GRD-domain, a cystein serine rich 
domain (CSRD) coded by exons 11 to 17 has been described (47). However, its role 
remains unknown. Truncating mutations identified downstream of the GRD-domain 
will affect the COOH terminal part (COOH-term) of the protein inside of which 
domains are not clearly identified. This COOH part of neurofibromin contains several 
potential phosphorylation sites. 
 
 
Supplementary Material, Table S4: Neurofibromin and Sox9 
immunohistochemistry data. 
g: germline mutation, s: somatic mutation, NM: non-mutated. 
 
Supplementary Material, Figure S1: Evaluation of neurofibromin and Sox9 protein 
expression by immunohistochemistry. 
18 samples were tested for (A) neurofibromin and (B) Sox9 immunohistochemistry. 
Tumours were classified according to the level of expression of the protein, which 
was either absent (left panel), very low (middle panel), or high (right panel). 
Calibration bar 50 !m. 
 
Supplementary Material, Figure S2: Chromosome aberrations affecting NF1 
identified by SNP array analysis. 
Log R ratio (LRR) and B Allele Frequency (BAF) profiles along chromosome 17 are 
represented for 3 tumor samples. (A) Loss of heterozygosity (LOH) affecting the 
whole chromosome 17 (patient #002). (B) Focal LOH spanning 500 Kb around NF1 
(patient #187). (C) Large LOH and homozygous deletion of NF1 gene (patient #053). 
Yellow: no copy number alteration; green: loss; blue: homozygous deletion; light blue 
(BAF plots): LOH; black (BAF plots): heterozygosity. 
 
Supplementary Material, Figure S3: Chromosome aberrations in the 78 tumors 
belonging to Cluster 2A.  
For each mutational group (NF1-mutated, RET-mutated, and tumors without 
mutation), the frequencies of gains (in red), deletions (in green) and LOH (in blue) 
along the genome are represented on the left. The results of association tests assessing 
the enrichment of gains/deletions/LOH in the mutational group compared with the 









 Gene MAX NF1 RET TMEM127 Total 
Germline mutation 0 9 8 1 18 
Somatic mutation 1 Present study 6 0 7 
No mutation     53 
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pheochromocytomas/paragangliomas comprised in the RET/NF1/TMEM127-





























(p.Val166Phe) Yes c.289_888del p.Gln97_Lys296del Unknown 
046 174.2 
VHLs 
(p.Val166Phe) Yes    
113 90.5 NM Yes    
157 122.8 
VHLg 
(p.Arg161Gln) Yes    
176 154.5 NM Yes    
179 239.2 NM Yes    
189 46.2 
VHLs 
(p.Lys159Glu) Yes    
192 51.2 
RETs 
(p.Met918Thr) No c.4860delG p.Ala1534GlufsX19 Loss of GRD-domain 
194 127.0 NM No    
200 191.5 
SDHB 
(p.Pro56Tyrfs*5) Yes    
204 180.8 
VHLg 
(p.Arg167Gln) Yes    
!
Supplementary Material, Table S3:  Somatic events in the NF1 gene identified in a 
second set of 11 pheochromocytomas/paragangliomas with low NF1 mRNA 
expression. 
LOH, Loss Of Heterozygosity; g: germline mutation, s: somatic mutation, NM: non-
mutated. 
$The GTPase-activating protein-Related Domain (GRD) central domain of the protein 
is coded by exons 20 to 27a (50). Any truncating mutation in this domain will affect 
the GAP function of the protein. Upstream this GRD-domain, a cystein serine rich 
domain (CSRD) coded by exons 11 to 17 has been described (47). However, its role 
remains unknown. Truncating mutations identified downstream of the GRD-domain 
will affect the COOH terminal part (COOH-term) of the protein inside of which 
domains are not clearly identified. This COOH part of neurofibromin contains several 

















003 NF1s yes 46.8 1 539.0  2 
013 NM no 42.25 0 278.8  2 
016 NF1g yes 43.7 1 148.8  0 
020 NM no 35.6 1 1297.5  2 
033 NF1s yes 52.2 1 1092.0  2 
044 RETg yes 207.9 1 13.9  0 
045 NF1s yes 43.3 0 307.3  1 
053 NF1s yes 149.4 2 412.0  2 
061 NF1s yes 95.8 2 41.2  0 
072 NF1s yes 93.1 2 198.0  0 
080 NF1g no 375.8 2 151.1  1 
086 NF1g yes NA 0 NA  1 
112 VHLg no 259.85 0 16.5  0 
113 NM yes 90.5 2 244.4  0 
115 NF1g no 46.9 2 520.2  2 
120 NF1s yes 57.0 1 542.2  1 
133 RETg no 258.98 0 14.9  0 
208 SDHBg gain 348.92 0 44.1  1 
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immunohistochemistry data. 
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SDHB mutations are associated with response to
temozolomide in patients with metastatic
pheochromocytoma or paraganglioma
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Cyclophosphamide–dacarbazine–vincristine regimen is recommended for the treatment of malignant pheochromocytoma and paragan-
glioma (MPP); however, dacarbazine is the only recognized active drug in neuroendocrine tumours. We investigated the therapeutic
benefit of temozolomide (TMZ), an oral alternative to dacarbazine, in patients with MPP. This is a retrospective study of consecutive
patients with documented progressive MPP. We examined the correlation between Succinate dehydrogenase B (SDHB) mutation and
O(6)-methylguanine-DNAmethyltransferase (MGMT) promoter methylation andMGMT expression in the French nation-wide independ-
ent cohort of 190 pheochromocytomas or paragangliomas (PP). Progression-free survival (PFS) according to RECIST 1.1 and PERCIST 1.0
criteria was the primary end point. Fifteen consecutive patients with MPP were enrolled; ten (67%) carried a mutation in SDHB. The
mean dose intensity of TMZ was 172mg/m2/d for 5 days every 28 days. Median PFS was 13.3 months after a median follow-up of 35
months. There were five partial responses (33%), seven stable (47%) and three progressive diseases (20%). Grade 3 toxicities were lym-
phopenia in two patients and hypertension in one. Partial responses were observed only in patients with mutation in SDHB. MGMT
immunohistochemistry was negative in tumour samples from four patients who responded to treatment. SDHB germline mutation was
associated with hypermethylation of theMGMT promoter and low expression ofMGMT in 190 samples of the French nation-wide inde-
pendent cohort. This study demonstrates that TMZ is an effective antitumour agent in patients with SDHB-related MPP. The silencing of
MGMT expression as a consequence ofMGMT promoter hypermethylation in SDHB-mutated tumours may explain this finding.
Key words: malignant pheochromocytoma, paraganglioma, O(6)-methylguanine-DNA methyltransferase (MGMT), succinate dehydrogenase
B (SDHB), temozolomide
Additional Supporting Information may be found in the online version of this article.
Malignant pheochromocytoma and paraganglioma (PP) are frequently associated with mutations in succinate dehydrogenase B (SDHB). We
found a correlation between mutations in SDHB and hypermethylation of the promoter of O6-methylguanine–DNA methyltransferase
(MGMT) in tumour samples from a French cohort of 190 patients with PP. Temozolomide yielded a clinical benefit in 67% of 15 patients
treated for progressive malignant PP. The expression of MGMT was deficient in tumour samples from four of the five patients who
responded to treatment. These results suggest that a personalized therapeutic approach may be applicable to this rare cancer.
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Pheochromocytomas and paragangliomas (PP) are rare neu-
roendocrine tumours. Pheochromocytomas arise from chro-
maffin cells of the adrenal medulla and paragangliomas arise
from paraganglia of the sympathetic or parasympathetic
nervous system.1 PP are often characterized by the secretion
of catecholamines, which may result in comorbid hormone-
related symptoms. A high percentage of these tumours are
inherited (>35%)2,3 and mutations in 12 genes have been
associated with predisposition to PP. Among them, SDHB is
associated with malignancy and poor prognosis.4 Malignant
pheochromocytomas and paragangliomas (MPP) are charac-
terized by metastases at sites where chromaffin cells are nor-
mally absent. MPP represents between 14 and 17% of PP.5,6
MPP are characterized by their heterogeneous natural history
and by a high frequency of bone metastases.3,7
In the absence of a cure, the main goals of MPP treatment
are to control hormone-related symptoms and tumour bur-
den.8 Systemic therapy including MIBG (Meta-Iodo-Benzyl-
Guanidine) therapy or chemotherapy are recommended for
patients with progressive disease or large tumour burden, and
also for other symptomatic patients.8 In the absence of Phase
II or III clinical trials, chemotherapy with a regimen of cyclo-
phosphamide–vincristine–dacarbazine (CVD) is recom-
mended on the basis of the results of four retrospective case
series.9–13 In the first of these reports by Averbuch et al.,9
which was updated in 2008,11 the CVD regimen resulted in
partial or complete response in 55% of patients from a
cohort of 18. Patel et al.12 reported a similar partial response
rate of 46% in 13 patients with MPP. In this study, patients
received a modified CVD regimen that was combined with
doxorubicin and included the optional use of vincristine. The
MD Anderson Cancer Centre group reported that the use of
the CV regimen and the optional use of vincristine or doxor-
ubicin was associated with a 25% objective response rate in
52 patients with MPP.10 In a recent report from Japan, com-
plete or partial biochemical and/or tumour responses were
achieved in 47.1 % of 17 patients who had received CVD
during a 23 year period.13 Anecdotal reports suggest that the
efficacy of chemotherapy may be high in patients with muta-
tions in SDHB.14,15 However, the use of CVD polychemo-
therapy in patients with MPP has not been validated by any
prospective study. In addition, the efficacy of either vincris-
tine or cyclophosphamide as a single agent to treat patients
with MPP has not been validated. These drugs should be
used with caution because they may cause constipation or
cardiac dysfunction, which are frequent comorbidities associ-
ated with MPP.
We hypothesized that dacarbazine is the only active anti-
tumour agent in the CVD regimen. Indeed, dacarbazine is
active against digestive and thoracic neuroendocrine tumours
(NET).16 Temozolomide (TMZ) as a monotherapy was effec-
tive in a patient with MPP17 and TMZ in combination with
thalidomide was effective in one of three patients in a Phase
II trial.18 TMZ is a 3-methyl analogue of mitozolomide which
was developed as an orally administered alternative to intra-
venous dacarbazine19 and has shown antitumour activity sim-
ilar to dacarbazine in the treatment of melanoma.20 The
efficacy of TMZ for the treatment of glioblastoma and neuro-
endocrine tumours is correlated with the expression of O(6)-
methylguanine-DNA methyltransferase (MGMT) and/or
MGMT promoter methylation.21,22
To investigate further the efficacy of TMZ, we retrospec-
tively analysed consecutive patients with MPP treated with
TMZ at Gustave Roussy. We also examined the relationship




Patients with MPP who were referred to Gustave Roussy
between November 2007 and September 2011 were consid-
ered for treatment with TMZ. TMZ treatment was initiated if
the following criteria were fulfilled: (i) the pathological diag-
nosis of MPP was reviewed and confirmed at our institution;
(ii) MPP was defined as progressive according to assessment
by RECIST 1.123 criteria and PERCIST 1.024 criteria made
within the past year; (iii) WHO performance status was
between 0 and 2; (iv) estimated life expectancy was longer
than 6 months; (v) At least 4 weeks had elapsed since previ-
ous treatment was stopped. Exclusion criteria were (i) cardio-
vascular conditions such as uncontrolled hypertension,
congestive heart failure or unstable coronary disease; (ii) hae-
matopoietic abnormalities: absolute neutrophil count <1,500
cells/mm3 or thrombopenia <100,000 cells/mm3; (iii) hepatic
impairment: bilirubin >2 3 upper limit of normal (ULN) or
alanine aminotransferase/aspartate aminotransferase activity
What’s new?
Malignant pheochromocytoma and paraganglioma (MPP) are frequently associated with mutations in succinate dehydrogenase
B (SDHB) gene. In this study of MPP, the authors found a correlation between SDHB mutations in MPP and hypermethylation
of the promoter of O6-methylguanine-DNA methyltransferase (MGMT) gene. Hypermethylation and decreased expression of
MGMT have been associated with a positive response to the drug temozolomide (TMZ). When the authors tested TMZ in MPP
patients, 67% experienced clinical benefit, and 80% of responders had tumors with low levels of MGMT. These results suggest
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>5 3 ULN; (iv) renal insufficiency defined by a glomerular
filtration rate <60 ml/min and (v) Concomitant administra-
tion of other chemotherapy. Genetic testing to screen for
mutations in PP predisposing genes (SDHB, SDHD, SDHC,
SDHA, VHL, NF1, RET, TMEM127 and MAX) was carried
out on genomic DNA at the Laboratory of Genetics of
Ho^pital Europ!een Georges Pompidou as previously
described.25 The following clinical characteristics were
recorded: delay since diagnosis (first evidence of disease),
delay since first surgery, delay since first metastasis, age, sex,
WHO performance status, weight, hormone- or tumour-
related symptoms, chromogranin A serum concentra-
tions,26,27 urinary concentrations of metanephrines including:
metanephrine, normetanephrine and methoxytyramine,28
131I-MIBG scintigraphy, somatostatin receptor scintigraphy
or FDG-PET status,29 primary location, metastatic locations
based on lung and abdomen-pelvic CT, and/or liver and
bone MRI.30,31 Patients with hormone-related symptoms
were defined as functional MPP patients. This study was
approved by our local ethics committee.
Study design
TMZ was given orally at an initial daily dose of 150 mg/m2
per day for 5 days, every 28 days. In patients with a good tol-
erance during the first cycle, the TMZ dose was increased to
200 mg/m2 per day for 5 days, every 28 days. The primary
objective was to determine progression-free survival (PFS)
according to an assessment using RECIST 1.1 or PERCIST
1.0 criteria that was performed every 3 months. Secondary
objectives included the objective response rate as assessed by
RECIST 1.1 or PERCIST 1.0, the duration of response, safety,
and overall survival. If there was a discrepancy between
RECIST/PERCIST scores, then the RECIST 1.1 result was
taken into account to determine the response rate.
TMZ was administered until disease progression, unac-
ceptable toxicity or stabilization of best response was con-
firmed by two consecutive imaging examinations. Exploratory
analyses were scheduled to look for prognostic markers of
clinical benefit, which was defined as a partial response or a
prolonged stabilization longer than 6 months. TMZ dosing
was adapted as follows. TMZ dose was reduced if Grade 4
haematologic toxicity was encountered during treatment
cycles. TMZ dose was also reduced if treatment was delayed
due to a low neutrophil count <1,000 cells/ml or a low plate-
let count <100,000 cells/ml at Day 1 of the subsequent cycle.
Granulocyte colony-stimulating factor was allowed in case of
neutropenia and erythropoietin stimulating agent was allowed
in case of anaemia.
TMZ dose was also reduced if any Grade 3 nonhaematologic
toxicities were encountered (except for alopecia and nausea).
Two dose reductions were allowed: if the dose was 200 mg/
m2 then it was reduced to 150 mg/m2 and then to 100 mg/m2
per day for 5 days of every 28 days cycle. TMZ was stopped if
persistent Grade !3 neutropenia or thrombocytopenia did not
resolve within 21 days, despite the adjustment in dose. This
also applied to any recurrent Grade 3 nonhaematologic adverse
events and to any Grade 4 nonhaematologic toxicity.
Efficacy and safety assessment
Safety was assessed throughout the study by monitoring and
recording adverse events, vital signs, clinical chemistry, and
haematology. Adverse events were graded according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events (nci-ctc, v.4).
Evaluation of tumour response was performed according
to in-house assessment using RECIST 1.1 criteria (CC). Com-
puted tomography (CT) and/or magnetic resonance imaging
(MRI) scans were performed at the time of initial screening
and every 12 weeks. In non-RECIST 1.1-evaluable patients,
determination of objective response was performed in-house
according to PERCIST 1.0 criteria (DD). FDG-PET was per-
formed at the time of initial screening and every 12 weeks.
Measurement of tumour markers
Serum concentrations of Chromogranin A (CgA; CGA-
RIACT, Cis bio international, Gif sur Yvette, France, normal
range: 0–140 ng/ml) were measured at baseline and then
every 12 weeks. Baseline CgA was considered as elevated if it
was! 2 times the upper normal limit (2 3 ULN). Total
methoxylated derivatives (metanephrine, normal value 15–
120 nmol/mmol creatinine; normetanephrine, normal value
40–275 nmol/mmol creatinine; methoxytyramine, normal
value 20–190 nmol/mmol creatinine) were extracted from 24-
hr urine samples. All extracts were analysed by high perform-
ance liquid chromatography using a reverse phase column
and amperometric detection. Total urinary methoxylated
derivatives were measured at baseline and every 12 weeks.
Baseline urinary methoxylated derivatives were considered as
elevated if metanephrine, normetanephrine and/or methoxy-
tyramine were >ULN.
A relationship between CgA response, which was defined
as a CgA concentration more than 50% lower than the base-




MGMT expression was assessed by immunohistochemistry
(IHC) (see Supporting Information methods). The results
were analysed by four independent investigators, two pathol-
ogists from the Pathology department of Gustave Roussy
(AAG and JYS) and two researchers from INSERM U970 (JF
and CL). Scoring was performed independently and the path-
ologists (AAG and JYS) were blind to the SDHB mutation
status. Stromal cells (endothelial cells, fibroblasts) and susten-
tacular cells were used as internal positive controls. Only
nuclear staining was considered significant. MGMT expres-
sion was previously scored as either “intact” or “deficient.”22
As underlined by Kulke et al.22 and by Ekeblad et al.,32 in
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cells is variable from one case to another and the distribution
of positive cells over the whole tissue section may be highly
heterogeneous. In keeping with these studies, we considered
tumours with a low percentage of positive cells or tumours
with a highly heterogeneous distribution of positive tumour
cells as “MGMT deficient.” We selected a 20%-cutoff to dis-
tinguish between MGMT-intact and MGMT-deficient
tumours. MGMT-intact tumours were defined by the pres-
ence of more than 20% positive tumour cells. MGMT-
deficient tumours were defined by the complete absence of
positive tumour cells or by the presence of less than 20%
positive cells distributed over the whole tumour tissue
section.
MGMT methylation analysis in the study group and in an
independent cohort of PP
MGMT promoter methylation was assessed from paraffin-
embedded tumour samples of the patients recruited in the
study by two techniques: methyl-specific PCR after bisulphite
treatment of DNA, performed with two different kits (Epitect
bisulfit kit, Qiagen, Courtaboeuf, France and Bisulflash DNA
modification kit, Epigentek, Farmingdale, NY) and pyrose-
quencing (Pyromark MGMT kit, Qiagen). Paraffin-embedded
glioma tissue samples were used as controls for DNA extrac-
tion and MGMT promoter analysis.
We examined MGMT expression and methylation levels
in an independent cohort of 190 PPs, collected by the French
COMETE network (Supporting Information Table 2). Among
them, 17 patients harboured a germ line SDHB mutation
(five with benign and 12 with malignant tumours). Thirteen
additional patients were affected with metastatic disease [six
with sporadic tumours, and seven with either germ line or
somatic mutations in FH (n5 1), NF1 (n5 1) or VHL
(n5 5)]. Gene expression was analysed using HG-U133 Plus
2.0 Affymetrix GeneChip arrays (ArrayExpress entry E-
MTAB-733) and data for these 190 samples were available
from a previous study.33 DNA methylation was analysed in
these samples using the Illumina Infinium Human Methyla-
tion assay34 performed by Integragen SA (Evry, France,
http://www.integragen.com) according to the manufacturer’s
instructions. Methylation level at each CpG site was scored
as beta values ranging from 0 to 1, with values close to 0
indicating low levels of DNA methylation, and values close
to 1 indicating high levels of DNA methylation. Beta-values
for MGMT CpGs in the 190 samples are provided in Sup-
porting Information Table 2.
Statistical analysis
Descriptive quantitative data were expressed as mean6 stan-
dard deviation and qualitative data were expressed as a per-
centage. Median follow-up, overall survival (OS) and PFS
were estimated by the Kaplan–Meier method. PFS was
defined by the time elapsed between the first dose of TMZ
and either progression or death by any cause, and OS was
defined by the time elapsed between the first dose of TMZ
and death by any cause. Data were censored at last follow-up
for patients without progression or death. Log rank test was
used for survival curve comparisons.
A relationship between “decreased” CgA, which was defined
as a CgA concentration more than 50% lower than the baseline
value, and tumour response or clinical benefit was investigated,
as described previously.35 We also looked for a relationship
between deficient MGMT expression (as assessed by immuno-
histochemistry) and tumour response or clinical benefit.
In the cohort of 190 patients with PP, differential MGMT
expression between SDHB-related and non SDHB-related
tumours was analysed using Student’s t-test, and Wilcoxon











No mutation 5 33





Functional tumour 11 73
Chromogranin A!2 UNL 10 67
Median time between diagnosis and
metastatic disease (months)
45.8 (range: 0–600)
Locoregional recurrence 3 20
Metastatic sites
Bone 12 80
Lymph nodes 11 73
Liver 6 40
Lung 5 33




Previous local therapeutic options
Surgery of the primary tumour 14 93.3
Radiation therapy 10 66.7
Surgery of metastases 3 20
Bone radiofrequency ablation 4 26.7
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rank-sum tests were used to detect differentially methylated
CpGs. Correlation between methylation beta values and MGMT
expression was assessed based on Pearson’s product moment
correlation coefficient. All statistical analyses were carried out
using R software version 2.15 (http://www.R-project.org).
Results
Patients
Fifteen patients with MPP were enrolled in this study: 12
males and three females with a median age of 42 years (Table
1). MPP were functional in 11 (73%) patients and an SDHB
germ line mutation was identified in 10 patients (66.7%). No
other mutation was found. The primary tumour was located
in the adrenal medulla in eight cases (53%). Ten patients had
a high baseline serum concentration of CgA. Urinary concen-
trations of metanephrines, normetanephrines, and methoxy-
tyramines at baseline were available for 11 patients and were
elevated in eight of them. The most frequent metastatic loca-
tion was the bone in 12 patients (80%), and this was the only
metastatic site in three patients. The time between the diag-
nosis of PP and the discovery of metastatic disease ranged
from 2 months to 50 years. All patients received TMZ as a
first-line cytotoxic chemotherapy. MIBG therapy was given to
one patient prior to TMZ therapy and to four patients after
TMZ therapy.
Tumour responses and survival analysis
One patient died before the first imaging evaluation due to
tumour progression. The response of tumours to treatment
was thus evaluated using RECIST 1.1 or PERCIST 1.0 criteria
in 14 of the 15 patients (Figure 1 and Table 3). Tumour
response could be evaluated according to RECIST 1.1 in
eleven patients. Four patients (36%) experienced a partial
response (PR), six patients (55%) had a stable disease (SD)
and one patient (9%) had a progressive disease (PD). In the
three cases in which tumour response could not be evaluated
with RECIST 1.1, evaluation according to PERCIST 1.0 crite-
ria demonstrated one partial metabolic response, one stable
metabolic disease, and one progressive metabolic disease.
Thus, if we combine RECIST 1.1 and PERCIST 1.0 evalua-
tions, there were five (33%) PR, seven (47%) SD, and three
(20%) PD (including the patient who died during the first
cycle). A clinical benefit (PR1 SD! 6 months) was therefore
observed in 10 of the 15 patients (67%).
After a median follow up of 35 months, the median PFS
was 13.3 months. PFS was significantly longer in patients
with a germ line SDHB mutation (19.7 months) than in
patients without mutation [2.9 months; HR50.16 (IC 95
0.04–0.72), p5 0.007; Figure 2]. Three-year OS was 55%,
with no statistical difference between patients with SDHB
mutations and patients without SDHB mutations (p5 0.17).
Temozolomide therapy safety
A median number of seven cycles of TMZ (range 1–28) was
administered. Mean dose intensity was 172 mg/m2 per day
for 5 days of every 28 day cycle. At the time of data cutoff,
four patients were still participating in follow-up and were
stable several months after the withdrawal of TMZ (6, 22, 23
Figure 1. Waterfall plot. RECIST 1.1 and PERCIST 1.0 evaluation of 14 evaluable patients. NA: FDG-PET not available; NE: not evaluable (bone
metastases, only); LD: longest diameters; SUL: standard uptake value standardized to lean body mass. Best response stands for: RECIST, percent-
age of variation in the sum of longest diameters of measurable lesions; PERCIST, percentage of variation in the SUL peak of the target lesions on
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or 28 months). Safety data are summarized in Table 2. TMZ
was generally well tolerated and no unexpected toxicity was
observed: three patients experienced Grade 3 toxicities,
including lymphopenia in two patients and Grade 3 hyper-
tension in one patient. No opportunistic infection was diag-
nosed. The main Grade 1 or 2 toxicities were digestive
problems (53%), anaemia (47 %), asthenia (47%) and consti-
pation (20%). No life-threatening adverse event occurred.
Chromogranin A and metanephrine measurements
Serum concentrations of chromogranin A were assessed as a
biomarker of the response to treatment (Table 3 and Sup-
porting Information Figure 1). Five of the ten patients with a
high CgA concentration at baseline experienced a CgA
response. Among these five patients, three had a partial
response and two had a stable disease for more than 6
months according to both RECIST 1.1 and PERCIST 1.0 cri-
teria. Serum concentrations of CgA were found to be within
the normal range following treatment in the three patients
who showed a partial response. Eight patients had elevated
baseline urinary concentrations of metanephrines. Following
treatment, two of the eight patients normalized their concen-
tration of metanephrines. Both experienced a partial response
(Table 3).
Evaluation of MGMT expression and methylation status
MGMT expression and/or promoter methylation is associated
with response to TMZ in patients with glioblastoma. We
thus carried out MGMT expression analysis using ten avail-
able paraffin-embedded tumour samples. MGMT was classi-
fied “deficient” in five patients, all of whom carried a germ
line SDHB mutation (Table 3). Four of these patients
responded to treatment and one had had stable disease for 8
months. Inter-observer variability could not be measured due
to the small sample size. Despite several attempts at DNA
Figure 2. PFS for overall population and PFS according to SDHB
mutation status. Kaplan–Meier curve of progression free survival
for overall population (a). Kaplan–Meier curve of progression free
survival for patients with mutation in SDHB and patients without
mutation in SDHB (b).
Table 2. Adverse events
Event
Patient by event grade
Total Grade 1–21 Grade 3–41
No. % No. % No. %
Nausea and vomitting 8 53.3 8 53.3 0 0
Mucositis 2 13.3 2 13.3 0 0
Anemia 7 46.7 7 46.7 0 0
Leucopenia 1 6.7 1 6.7 0 0
Lymphopenia 3 20 1 6.7 2 13.3
Thrombopenia 2 13.3 2 13.3 0 0
Asthenia 7 46.7 7 46.7 0 0
Constipation 3 20 3 20 0 0
Others2 5 33.3 4 26.7 1 6.7
1Graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (nci.ctc, v.4).
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extraction by two different techniques, we did not obtain
reproducible and interpretable results of MGMT promoter
methylation in these samples. This was probably due to poor
DNA quality resulting from inadequate fixation and pro-
longed storage.
We explored further the relationship between SDHB
mutation status, MGMT expression, and MGMT promoter
methylation in an independent cohort of 190 PPs. MGMT
expression was significantly lower in the 17 SDHB-related
tumours than in the 173 tumours without mutation in SDHB
(p5 0.00015, Figure 3a, Supporting Information Table 1).
We obtained DNA methylation beta values for 26 CpG sites,
belonging to five CpG islands located in the promoter and in
the gene body of MGMT. SDHB-related tumours showed a
significant hypermethylation of the promoter CpG island
(FDR-adjusted p5 2.19 3 1025 for cg12981137, Wilcoxon
rank-sum test), whereas the four CpG islands located in the
gene body were significantly hypomethylated in these samples
(Figure 3b, Supporting Information Table 2). Interestingly,
the single FH-related MPP case evaluated in this study36 dis-
played a profile similar to that of SDHB-mutated MPP with
regard to promoter CpG island methylation and the expres-
sion of MGMT. Besides this isolated case, these perturbations
to the methylation and expression of MGMT were restricted
to SDHB-related MPP. Indeed, such perturbations were not
observed in any other subtype of inherited or malignant
tumour, which all showed a largely homogenous profile of
MGMT expression and promoter methylation. We then
examined the correlation between MGMT expression and the
methylation of the CpG that was the most significantly hyper-
methylated (cg12981137, promoter) and the CpG that was the
most significantly hypomethylated (cg04473030, intragenic) in
SDHB-related tumours. Promoter methylation was negatively
correlated with MGMT expression (p5 1.44 3 1027, Figure
3c), whereas intragenic methylation was positively correlated
with MGMT expression (p< 2.2 3 10216, Figure 3d).
Discussion
In this study, we show that TMZ as a single chemotherapeu-
tic agent is an effective antitumour agent in a well-
characterized series of consecutive patients with progressive
MPP. This study has several limitations related to the scarcity
of this disease, notably the small sample size and the retro-
spective design. Nonetheless, no comparative study using
other cytotoxic agents exists. Indeed, this study is the first of
its kind to (i) characterise the progressive status of patients
with MPP at the time of their entry in the study9–12,15; (ii)
carefully evaluate PFS using standardized RECIST 1.1 and
PERCIST 1.0 criteria as recommended8,23,24 and (iii) recruit
patients in a limited period of time (3.75 patients per year in
Figure 3. MGMT expression and promoter methylation in an independent cohort of 190 patients with PP. MGMT expression level (a) meas-
ured with the Affymetryx HG-U133 plus 2.0 expression arrays in tumour samples from 17 SDHB-related patients with PP (SDHB*, red) and
173 non SDHB-related patients with PP (SDHB nonmutated, blue). MGMT DNA methylation beta values of 26 CpGs belonging to five CpG
islands (one in the promoter region and four in intronic regions) in SDHB- or non-SDHB-related tumours measured using the Illumina Infin-
ium HM27 DNA methylation assay (b). Correlation of MGMT promoter methylation status (cg12981137, most significantly hypermetylated
CpG in the MGMT promoter) with MGMT expression levels in SDHB-related PP (red circles) or non-SDHB-related PP (blue circles; c). Correla-
tion of MGMT intronic methylation status (cg04473030, most significantly hypometylated intragenic CpG) with MGMT expression levels in
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the present study, which contrasts with the rate of 1.5–1.7
patients per year in previous studies9–13). The median PFS
was 13.3 months, suggesting TMZ is an effective antitumour
agent because all patients were progressive during the preced-
ing year. This observation is of major importance because we
previously showed that half of therapy-naive patients with
MPP achieve stable disease at 1 year.3 Toxicity was managea-
ble and the types of toxicity were in line with previous stud-
ies. Therefore, the use of temozolomide as a single agent to
treat progressive MPP could challenge the benefit of the poly-
chemotherapy CVD regimen. Indeed, 33% of patients
responded to treatment according to both RECIST and PER-
CIST criteria, which is similar to the antitumour efficacy of
the CVD regimen in patients with MPP that also induces fre-
quent and high grade toxicities.9–13 In addition, 10 of the 15
patients (67%) experienced a clinical benefit defined as a par-
tial response or a stabilization of their disease for more than
6 months. We found that CgA response correlated with mor-
phological or metabolic responses and therefore could be
tested as a putative surrogate of survival or tumour response
in future prospective trials.
A partial response was experienced in 50% of patients
with mutation in SDHB, whereas none of the patients with-
out mutation in SDHB experienced a partial response. Inter-
estingly, there was a significant difference in PFS between
patients with mutation in SDHB (19.7 months), and patients
without mutation in SDHB (2.9 months), suggesting that
SDHB mutation may be a biomarker for temozolomide effi-
cacy. Although a relationship between SDHB mutational sta-
tus and TMZ response was previously suggested in case
reports,14,15 our study is the first demonstration of such a
relationship. Indeed, this study involves consecutive patients
with different genetic statuses who were evaluated according
to formalized criteria for the assessment of tumour
response.23,24 Moreover, as reported previously, patients with
MPP and mutations in SDHB have lower survival rates than
MPP patients without mutations in SDHB,4 which may lead
to an underestimation in the potential benefit of TMZ in this
population. One previous study analysed the effectiveness of
chemotherapy in subgroups of patients with MPP who were
characterized for SDHx mutations10: partial responses were
observed both in small subgroups of patients with or without
SDHx mutations. Therefore, a larger clinical trial is required
to confirm these results. In the case report by Nozie`res
et al.,37 one patient with mutation in SDHB demonstrated a
70% partial response to TMZ and capecitabine: MGMT was
not expressed in tumour samples from this patient and the
promoter of the gene was hypermethylated.
This study does not formally meet the criteria of a Phase
II clinical trial because the number of patients who were
included was too small; nonetheless, we strived to fulfil all of
the quality requirements of a Phase II trial in a retrospective
setting. However, the lack of a control group, the small sam-
ple size, and the retrospective design of this study limit con-
clusions about the efficacy of TMZ. Nonetheless, this study is
the first to suggest that a personalized therapeutic approach
may be applicable to MPP, and our findings even shed light
on the mechanism underlying the response of this rare can-
cer to TMZ. However, prospective studies are needed to con-
firm these results.
TMZ has a high antitumour activity in MGMT-deficient
tumours, both in patients with glioblastomas and in patients
with gastroenteropancreatic NET.21,22 We investigated
MGMT protein expression in ten available tumour speci-
mens. TMZ causes DNA methyl-adducts and MGMT is
implicated in the cell detoxification process by repairing
O6-meGuanine adducts.38 In our study, MGMT expression
(as assessed by immunohistochemistry) was deficient in
tumour samples from four of the five patients with mutation
in SDHB who responded to treatment. These results suggest
that MGMT expression may help to refine the subpopulation
of patients in which TMZ therapy should be considered.
However, the most appropriate methodology to evaluate
MGMT status in NET remains to be determined. Indeed, the
analysis of MGMT promoter methylation by bisulphite
coupled with pyrosequencing or methylation-specific PCR
was more reliable than expression analysis for predicting the
response of patients with glioblastoma to TMZ.39 However,
as shown by our experience, such analyses of methylation
require high quality DNA. We also found that MGMT
expression was significantly lower in tumour samples from
patients with mutation in SDHB than in those from patients
without mutation in SDHB in an independent confirmatory
cohort (from the French COMETE collection). Furthermore,
we demonstrated a correlation between mutation in SDHB
and MGMT promoter hypermethylation, hypomethylation of
intragenic CpG sites, and a low abundance of MGMT
mRNA. These results suggest that SDHB mutation may
down-regulate MGMT expression in tumour cells by affecting
the methylation of MGMT, and hence its epigenetic status.
Interestingly, succinate accumulates in SDH-deficient
tumours and acts as a competitive inhibitor of TET enzymes
that are members of the 2-oxoglutarate dioxygenases family
of enzymes. TET enzymes participate in DNA demethylation,
hence the accumulation of succinate causes a DNA hyperme-
thylator phenotype in this subset of tumours.36 Although this
explains the strong MGMT promoter hypermethylation, the
mechanism leading to intragenic MGMT hypomethylation
observed in SDHB-mutated tumours remains to be
unravelled.
In conclusion, this is the first demonstration that temozo-
lomide is an effective antitumour agent that is associated
with manageable toxicity for the treatment of progressive
MPP, especially in patients with mutation in SDHB. Further
prospective studies are needed to confirm these results. We
hypothesize that MGMT promoter hypermethylation in
SDHB-related tumours leads to the silencing of MGMT
expression. This study opens the door to an approach involv-
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1 
 
SDHB mutations predict response to temozolomide in patients with metastatic 1 
pheochromocytoma and paraganglioma.  2 
 3 
SUPPLEMENTARY MATERIAL 4 
 5 
SUPPLEMENTARY METHODS 6 
 7 
O6-methylguanine–DNA methyltransferase (MGMT) expression by 8 
immunohistochemistry  9 
Tissue sections were fixed in formalin or AFA (Alcohol, Formalin and Acetic Acid) and 10 
embedded in paraffin. Four micrometers-thick tissue sections were prepared. Antigen 11 
retrieval was achieved by placing slides in 98 °C citrate buffer (pH 6.0) for 30 12 
minutes. Endogenous peroxidase was blocked with 3% hydrogen peroxide, whereas 13 
nonspecific binding was blocked with “Protein block” (Novolink kit / Novocastra-14 
Ménarini) for 20 minutes. Sections were then incubated at room temperature with a 15 
monoclonal mouse anti-MGMT antibody (Neomarkers, MS-470-PABX, 1:50 dilution) 16 
for 60 minutes, then with Novolink kit. Peroxidase activity was revealed by using 3,3!-17 
diaminobenzidine (Dako) as chromogen. Nuclear counterstain was performed by 18 
using Mayer hematoxylin.  19 
The entire section was analyzed along with the hematoxylin and eosin-stained mirror 20 
section. The percentage of tumor nuclei positive for MGMT was determined. A colic 21 
adenocarcinoma with high MGMT protein expression was used as a positive control. 22 
Tissue samples were also assayed with mouse IgG1antibody as negative controls to 23 
rule out nonspecific reaction. Staining of endothelial cells was used as positive 24 
internal control. 25 
2 
 
SUPPLEMENTARY TABLES 26 
 27 
Supplementary Table 1: Differential methylation analysis of MGMT gene in 28 
SDHB-mutant and SDHB wt pheochromocytomas and paragangliomas.  29 
 30 
 
CpG Position (Hg19) 
Distance to 
TSS 
Mean beta value 
in SDHB wt 
tumors 
Mean beta value 





cg02330106 131264840 -626 0.695 0.731 0.0363 0.325 0.375 
cg25946389 131265073 -393 0.143 0.28 0.138 3.29e-04 0.00171 
cg12434587 131265209 -257 0.0178 0.0729 0.055 1.06e-06 2.19e-05 
cg19706602 131265435 -31 0.077 0.0803 0.0033 0.419 0.453 
cg12981137 131265575 109 0.0271 0.213 0.186 1.68e-06 2.19e-05 
cg02941816 131265696 230 0.0801 0.141 0.0608 0.00488 0.0159 
cg26201213 131265796 330 0.659 0.7 0.0414 0.309 0.375 
CGI 2 
cg24580056 131321587 56121 0.848 0.847 -1.53e-04 0.275 0.375 
cg12040555 131321830 56364 0.722 0.602 -0.121 0.0145 0.0377 
cg14129786 131321947 56481 0.57 0.446 -0.124 0.0013 0.00481 
CGI 3 
cg20537325 131348421 82955 0.857 0.791 -0.0656 0.0371 0.0742 
cg27056559 131348484 83018 0.861 0.862 9.04e-04 0.32 0.375 
cg07638938 131348599 83133 0.774 0.747 -0.0265 0.0971 0.18 
cg10036895 131348664 83198 0.775 0.782 0.00734 0.846 0.88 
CGI 4 
cg04473030 131354782 89316 0.757 0.576 -0.18 2.78e-06 2.41e-05 
cg00904483 131354873 89407 0.818 0.827 0.00883 0.893 0.893 
cg10333959 131354940 89474 0.794 0.641 -0.153 1.07e-04 6.98e-04 
cg02381948 131355112 89646 0.799 0.788 -0.0117 0.108 0.187 
cg20778669 131355217 89751 0.712 0.684 -0.0284 0.149 0.242 
cg07453748 131355302 89836 0.813 0.812 -0.001 0.29 0.375 
CGI 5 
cg02803836 131412507 147041 0.869 0.766 -0.103 9.83e-04 0.00426 
cg19680672 131412579 147113 0.526 0.406 -0.12 0.0175 0.0414 
cg03271907 131412643 147177 0.833 0.788 -0.045 0.0291 0.0631 
cg18488970 131412701 147235 0.606 0.554 -0.0519 0.204 0.312 
cg17686260 131412764 147298 0.725 0.605 -0.12 0.00866 0.025 
cg16698623 131412968 147502 0.787 0.758 -0.029 0.332 0.375 
 31 
Supplementary Table 1 legend: 32 
Significant hypermethylated (resp. hypomethylated) CpGs are highlighted in yellow 33 
(resp. in blue). 34 
3 
 
Supplementary Table2: DNA methylation beta values for MGMT CpGs in a 35 
series of 190 pheochromocytomas and paragangliomas. 36 
 37 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplementary Table 2 legend : 43 




LEGENDS OF SUPPLEMENTARY FIGURE  46 
 47 
Supplementary figure 1 title: CgA variation during temozolomide treatment and 48 











































+ 30 % 
Patients with partial response 
 
Patients with stable disease 
 
Patiernts with progressive disease 
Supplementary Figure1:  CgA Response 
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*)D+! [/RH:B2! _+2! &4! $5+2! 0#5%'2($, 692)(4*%(8'+5($, 8+C+$%)2+54, (58, 6964+2"7, *9)%4+56"%5, "5,
E-@T.U.,2"7+=!=:5!7&55![/:52!*??C+!%(I'?JA!B+!))CPK@??+!




L"58(3, 8"6+(6+<, 4('&+4"5&, (5&"%&+5"7, ;(74%'6, "5, )*+%7*'%2%794%2(, (58, %4*+', C%5, -"))+$.
L"58(3,8"6+(6+.'+$(4+8,432%'6=!6!75/8!98.:;</8:5!=&4$>2!*??E+!$)I*JA!B+!)CPKE'+!
*@?+! 6:RH-$2! S+=+2! &4! $5+2! /(4"%5($+, (58, +C"8+57+, ;%', 635"4"5"#, "5, 4*+, 4'+(42+54, %;, 2($"&5(54,
)('(&(5&$"%2(U)*+%7*'%2%794%2(=!6!75/8!98.:;</8:5!=&4$>2!*??E+!$)I'JA!B+!(KE+!
*@'+! U<:RR2! Z+6+2! &4! $5+2! >*+, '%$+, %;, "2(4"5"#, 2+69$(4+, ND$"C+7O, ;%', 4'+(42+54, %;, )(4"+546, ?"4*,
2($"&5(54,+58%7'"5+,432%'6,)%6"4"C+,;%',7.:"4,%',E@DI./=!98.:;<!G&5$4!7$8;&<2!*??P+!!&I*JA!B+!
()(K@?+!
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*))+! ,-$.$/0$123&45!6+5! &7! $.+5!-'+(./+0.,1".*, 230"."0"#, 4%',)(."+0.2,1".*,)'%&'+22"5+,/+.(2.(."6,
)*+%6*'%/%67.%/(2, (08, 27/)(.*+."6, )('(&(0&$"%/(29! 8! 9.2:! ;:<=>32:=.! 6&7$?5! *@'*+!
!"A''BC!D+!)@)@/(@+!
*)(+! E3F>&5! 6+0+5! &7! $.+5! :%5+$, (08, +5%$5"0&, .*+'()"+2, "0, .*+, .'+(./+0., %4, /($"&0(0.,
)*(+%6*'%/%67.%/(;,+<)+'"+06+,1".*,.*+,/-=>,"0*"#".%',+5+'%$"/32,?>@ABBCD9!G=31!6&7$?!
0&H5!*@@I+!#$AIBC!D+!JIK/K@*+!
*)J+! LM5! E+N+5! &7! $.+5!E*(2+, F, 2.387, %4, +5+'%$"/32,/%0%.*+'()7, "0, )(."+0.2,1".*, 0%04306."%0"0&,
0+3'%+08%6'"0+, .3/%'2, %', )*+%6*'%/%67.%/(2G)('(&(0&$"%/(29! 9$:>&35! *@'*+!$$%A*)BC! D+!
J'J*/K@+!
*)K+! O$FHP2..&5! ;+,+5! 8+;+! Q=1$H4&RHS25! $:<! #+! TP-5! H$"0"6($, 8+5+$%)/+0., %4, CIJ($$7$(/"0%K, CIJ
8+/+.*%<7&+$8(0(/76"09!9F33!9$:>&3!E3F%!Q$3%&7H5!*@@U+!&A(BC!D+!UKK/VU+!
*)V+! W21&:&4/0=XF&D.=5! ,+#+5! &7! $.+5! L306."%0($, 6%02+M3+06+2, %4, (, NAO!, &+0+, /3.(."%0, "0, (0,
())('+0.$7,2)%'(8"6,)*+%6*'%/%67.%/(9!8!9.2:!;:<=>32:=.!6&7$?5!*@@*+!%"A'@BC!D+!)KK'/)+!
*)I+! W21&:&4/0=XF&D.=5! ,+#+5! &7! $.+5! P3.(."%02, "0, .*+, NAO!, &+0+, ('+, (22%6"(.+8, 1".*, +<.'(J
(8'+0($,(08G%',/($"&0(0.,)*(+%6*'%/%67.%/(29!9$:>&3!0&H5!*@@U+!'&A'KBC!D+!(J'(/*'+!





*(*+! [2:%5! [+O+5! &7! $.+5!P+.(2.(."6, )*+%6*'%/%67.%/(G)('(&(0&$"%/(, '+$(.+8, .%, )'"/('7, .3/%',
8+5+$%)/+0., "0, 6*"$8*%%8, %', (8%$+26+06+;, 2"&0"4"6(0., $"0Q, .%, NAO!,/3.(."%029! 8! 9.2:!L:>=.5!
*@''+!)!AU'BC!D+!)'UK/)*+!








*(J+! YF3:2>M=:5! ^+5! &7! $.+5! -*+, 2366"0(.+, 8+*78'%&+0(2+, &+0+."6, .+2."0&, "0, (, $('&+, )'%2)+6."5+,
2+'"+2,%4,)(."+0.2,1".*,)('(&(0&$"%/(29!8!9.2:!;:<=>32:=.!6&7$?5!*@@I+!!#AVBC!D+!*V'K/*K+!
*(K+! Y&::5! E+;+5! &7! $.+5! H$"0"6($, )'+2+0.(."%0, (08, )+0+.'(06+, %4,
)*+%6*'%/%67.%/(G)('(&(0&$"%/(,2708'%/+29!8!9.2:!;:<=>32:=.!6&7$?5!*@@J+!!$AUBC!D+!V*K/
UJ+!
*(V+! Q211&3H5! G+8+5! &7! $.+5! H$"0"6($, )'+2+0.(."%02K, #"%6*+/"6($, )*+0%.7)+2K, (08, &+0%.7)+J
)*+0%.7)+, 6%''+$(."%02, "0, )(."+0.2, 1".*, 2366"0(.+, 8+*78'%&+0(2+, 23#30"., !J(22%6"(.+8,
)*+%6*'%/%67.%/(2,(08,)('(&(0&$"%/(29!8!9.2:!;:<=>32:=.!6&7$?5!*@@K+!!)AUBC!D+!KKI/VJ+!
*(I+! Q211&3H5! G+8+5! &7! $.+5! H%/)('"2%0, %4, CRLJ4$3%'%JSJA=E@K, CRLJ4$3%'%J8+%<7&$36%2+K, (08, CRLJ
4$3%'%8%)(/"0+, ET-, (08, CFUVJPV!W, 26"0."&'()*7, "0, .*+, $%6($"X(."%0, %4, )*+%6*'%/%67.%/(,
(08,)('(&(0&$"%/(9!8!9.2:!;:<=>32:=.!6&7$?5!*@@I+!!#A'*BC!D+!)K(K/JK+!
*J@+! Q211&3H5! G+8+5! &7! $.+5! N.(&"0&, (08, 4306."%0($, 6*('(6.+'"X(."%0, %4, )*+%6*'%/%67.%/(, (08,







*J)+! QM2&3-5! 8+#+5! &7! $.+5! YT)".*+$"($,/+2+06*7/($, .'(02"."%0,83'"0&,8+5+$%)/+0., "0, 4"#'%2"2, (08, "0,
.*+,)'%&'+22"%0,%4,6('6"0%/(Z9!YF..!9$:>&35!*@'@+!!"A''BC!D+!'*V(/I(+!
!"#$"%&'()*"+,













)P'+! Q$:$Z8T$2!R+2!&1!$.+2!@+/*(."040, ".3%$3+8, ".,3($37$%0+)5($,+.8%/('8"($, /70*"%., 1%'4(5"%., ".,
+('$9,/('8"%&+.+0"0>,'%$+0,%1,5'(.01%'4".&,&'%E5*,1(/5%',FGHIJ=#+5(,(.8,#%.+,4%')*%&+.+5"/,
)'%5+".,F!@-J:!E4$1!X&92!);;;+!($!N)O<!/+!''LG)P+!
)P)+! [U$42! R+2! &1! $.+2!@7$$+'"(., ".*"#"5".&, 07#05(./+, '+&7$(5+0, "50, '+/+)5%'K?@L2, 0"&.($".&, (.8,
/(70+0, 4+0+./*94($, 5'(.0"5"%., %1, 5*+, /%+$%4"/, +)"5*+$"($, /+$$0, +('$9, "., @7$$+'"(., 87/5,
'+&'+00"%.:!V&A&.-/T&412!);;*+!#%%N')O<!/+!)W(LG*L+!




)P(+! E04-]>2! ^+2! &1! $.+2! <'NO, /%.5'%$0, ?$7&, +P)'+00"%., (.8, N+'(5".%/95+, (/5"3(5"%., 87'".&, E%7.8,
*+($".&:!I-.!F8-.!6&..2!);;S+!#&N''O<!/+!MPWSGML+!
)P*+! D&%0&2! K+E+2!<)"8+'4($, #(''"+', 1%'4(5"%., (.8, '+/%3+'9, "., 0N"., 8"0%'8+'0:! K! 6.84! _4A&B12! );;*+!
##"N(O<!/+!''(;GS+!
)PP+! EUT&52! Q+2! &1! $.+2! @%$+/7$(', )(5*E(90, '+&7$(5".&, <HI=".87/+8, +)"5*+$"%=4+0+./*94($,
5'(.0"5"%., "., *74(., %3('"(., 07'1(/+, +)"5*+$"74:! ET! K! #UCB8-.! 6&..! #UCB8-.2! );;*+!(&)N*O<! /+!
6'(W)GM)+!













)S(+! Y$4%2! R+! $45! K+! I$BB$%]&2! <)"5*+$"($=4+0+./*94($, 5'(.0"5"%.0>, 5E"05, "., 8+3+$%)4+.5, (.8,
4+5(05(0"0:!6&..2!);;M+!##!NWO<!/+!)PPGL+!







)L;+! R$4%2!I+b+2! &1! $.+2!2"'+/5, '+&7$(5"%., %1, GMW?G, #9,TWI=D($)*(, )'%4%5+0,4+5(05(0"0:! Q$1! 6&..!
F8-.2!);;S+!#)NWO<!/+!)L(GW;(+!
!"#$"%&'()*"+,
!"!# $ % & !
!
'()!








*+(,! =>7/4$GO0:/P2! #,2! &:! $7,2! -*('(51+'"A(1"%0, %=, 1*+, BCDE, (0<, BFGE, <%.("04, %=, B0("$H, "0, 1*+,










FAA,! #&/4$5>2! V,2! &:! $7,2!D,.%$+5;$(', '%$+, =%', $747$, %/"<(4+6$"3+, H, +0A7.+, "0, 40("$, '+&;$(1"%0, (0<,
1;.%',)'%&'+44"%08!M=@O!32!*AA(,!#(B'+CD!E,!FHH)G(L,!






FAH,! [0$::$42! @,3,! $45! V,?,! ]0&$Z&2! P"05, (0<, 5(05+'J, ".)$"5(1"%04, =%', FRS6L, "0, #'+(41, 5(05+'8!
9T:0/&4:X2!*A'*,!(BNCD!E,!)HLGN(,!








FAL,! #&/4$5>2! V,2! ],! #>0:/77>2! $45! I,! ?$4>2! B2"15*"0&, %06%==, B0("$J, FVWFH, ?+'4;4, EBNO#+1(8! ?&77!
?1\7&2!*AA(,!(B'*CD!E,!'NH+G(*,!
FA+,! #>42!Y,Q,2!&:!$7,2!)XY,BZ,3"0(4+,)'%.%1+4,+)"1*+$"($, 1%,.+4+05*7.($, 1'(04"1"%0, 1*'%;&*,40("$,
"0<;51"%0,"0,%?('"(0,5(05+',5+$$48!?$4\&0!;&X2!*AAL,!'$B')CD!E,!)(*HGF*,!







F'F,! `T2! Y,2! @,=,! M<&0X2! $45! @,#,! U.>T2! B.($$, -61+'."0($, <%.("0, )*%4)*(1(4+, +0*(05+4, 40("$,
(51"?"17,1*'%;&*,<+)*%4)*%'7$(1"%08!3!@/>7!?.&82!*AA+,!#$(B'CD!E,!)HAGL,!
F'H,! R/4$XG?$X:&77X2! ;,2! &:! $7,2! 9*+, *7)%/"(65%01'%$$+<, ]!WFLK, ;#":;"1"0, $"&(4+, 1('&+14, BCDRFL, =%',
)'%1+(4%.+,<+&'(<(1"%08!3!@/>7!?.&82!*A'A,!#$)B)CD!E,!FN+HGLA(,!
!"#$"%&'()*"+,
!"!# $ % & !
!
'()!
*'(+! ,-.! /+.! &0! $1+.! -'%.+"/, 0"/(1+, 23, 14))'+11+1, +)".*+$"($5.%56+1+/7*86($, .'(/1"."%/, .*'%4&*,
)*%1)*%'8$(."%/,%9,1/("$:!/$23&4!5&6.!78'8+!!"978:;!<+!)='8>?+!
*'@+! A-.! B+.! &0! $1+.!;.(#"$"<(."%/, %9, 1/("$, #8,=>50())(!, "1, '+?4"'+@, 9%', "/9$(66(."%/5"/@47+@, 7+$$,
6"&'(."%/,(/@,"/A(1"%/:!/$23&4!/&11.!788?+!#$9(:;!<+!C'@>7=+!
*')+! DEF.! G+B+.! &0! $1+.! >4/7."%/($, '+&4$(."%/, %9, ;$4&B;/("$C, "1, @+)+/@+/., %/, D;E5F#+.(56+@"(.+@,
)*%1)*%'8$(."%/:!HIJK!G.!78'7+!%!&9'@:;!<+!7?7?>*?+!






*7'+! O-$E0$.! K+.! &0! $1+.! ;/("$, "/@47."%/, %9, +)".*+$"($, .%, 6+1+/7*86($, .'(/1"."%/, "/, .46%', 7+$$1, "1,
(77%6)(/"+@,#8,HLM3,'+)'+11"%/,(/@,IJ!3,+N)'+11"%/:!G!JEM1!/T&F.!7887+!%!!9C7:;!<+!*?78?>
'@+!




*7C+! /M60$20E2M.!X+I+.!&0!$1+.!M+$$51)+7"9"7,)*%1)*%'8$(."%/,%9,I9*+), .'(/17'")."%/, 9(7.%':!JEM3T&F!
JEM<TQ6!5&6!/MFF-2.!7887+!%&(97:;!<+!*@=>)*+!
*7(+! [M2%.! G+.! ,+! ]-M.! $2R! X+! #$4U.! -7C56+@"(.+@, 146%8$(."%/, %9, ;6(@5"/.+'(7."/&, )'%.+"/, 3,
(..+/4(.+1,.'(/17'")."%/($,'+)'+11"%/,%9,J57(@*+'"/:!G!JEM1!/T&F.!788(+!%)"9C7:;!<+!*(C))>=?+!
*7@+! ]T$M.! [+G+.! S+! K-^4$F$2E$2.! $2R! O+! /TE22$R-4$E.! M*(/&+1, "/, M5.+'6"/($, #"/@"/&, )'%.+"/, C,




*7=+! #&E2$RM.! _+.! &0! $1+.! ;/("$, 6+@"(.+1, J57(@*+'"/, '+)'+11"%/, #8, .*+, '+7'4".6+/., %9, .*+,
;"/FSB*"1.%/+,@+(7+.8$(1+,3,QV2SM3RBV2SMC,7%6)$+N:!XM1!/&11!JEM1.!788C+!%'9':;!<+!*8@>'?+!




**'+! _&44$2b.! L+.! &0! $1+.!-%$87%6#, 7%6)$+N, C, "1, '+?4"'+@, 9%', J57(@*+'"/, '+)'+11"%/, #8, .*+, ;/("$3,
.'(/17'")."%/,9(7.%':!XM1!/&11!JEM1.!788=+!%)9'(:;!<+!C))7>='+!
**7+! SM2%.!]+S+.!&0!$1+.!JIVC,14))%'.1,/(1%)*('8/&+($,7('7"/%6(,7+$$,(&&'+11"A+/+11,#8,9%'6"/&,(,




**C+! A$2%.! G+.! &0! $1+.![))%1"/&, X;23, 7%6)$+N+1, 94/7."%/, "/, @+A+$%)6+/.($, &+/+, (7."A(."%/, (/@,
'+)'+11"%/,)'%&'(66+1:!L$0-4&.!788)+!''(9)'*=:;!<+!==7>)+!









!"!# $ % & !
!
'()!




*A',! K&! 68$&.&2! L,2! &4! $5,2! 6*+, 2'(.91'")2"%., 3(12%', 9.("$, "./01+9, 20:%', 1+$$, ".<(9"%., 2*'%0&*,
:%/0$(2"%.,%3,2*+,+)"2*+$"($,1+$$,/"33+'+.2"(2"%.,)'%&'(:=!6$.7&8!G&/2!9::(,!$%;'A<=!>,!M9*?@
AA,!




*AA,! 3$P$%.&82! #,2! S,J,!Q$C$F$2! $.F! R,#,! BT0&8U2!6*+, A".1;3".&+',)'%2+"., 9$0&, 1(09+9,/+9:%9%:+,
/"99%1"(2"%.@,(., "."2"($,(./,.+1+99('7,92+),3%',&'%82*,3(12%';"./01+/,+)"2*+$"($;:+9+.1*7:($,
2'(.9"2"%.=!R!6&55!L0V52!'++?,!!&';M<=!>,!'A:*@'+,!












*(',! L1&T5&82! K,2! &4! $5,2! 4D)'+99"%., %3, +)"2*+$"($;:+9+.1*7:($, 2'(.9"2"%., '+&0$(2%'9, BCF-G, (./,
6H-B6I,".,2*7'%"/,1('1".%:(9=!JVF!#$4TV52!9:'*,!)$;'<=!>,!(A@M',!















*(+,! `1$.%2! G,Q,2! #,! N105aV8F2! $.F! R,#,! BT0&8U2! 4('$7, +<+.29, "., 1+$$, (/*+9"%., (./, )%$('"27, /0'".&,
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*M:,! 6$>$5FV2! 6,B,2! -,X,! [$8Z$/2! $.F! -,! I1/8$42! 4)"2*+$"($, (/*+9"<+, N0.12"%.9=! [':::#80C&! G&>2!
9:'A,!$=!>,!',!
*M',! E&! L8$/2! N,[,2! S,R,! B$1H&./5$%2! $.F! 6,K,! -.F52! 6*+, '+&0$(2"%., %3, 1+$$;1+$$, (/*+9"%., /0'".&,
+)"2*+$"($;:+9+.1*7:($,2'(.9"2"%.@,:%2"$"27,(./,20:%',)'%&'+99"%.=!6&55!-FT!J0%82!9:'9,!$;A<=!
>,!*M(@?*,!
*M9,! Q05C$\2! J,! $.F! N,! 6T80/4VaV802! 456@, 2*+, 172%9?+$+2%.@, (./, 1(.1+', 1+$$, ".<(9"%.=! 6$.7&8!
J&4$/4$/0/!G&P2!9::+,!)(;'@9<=!>,!'(@**,!
!"#$"%&'()*"+,
!"!# $ % & !
!
'()!
*+*,! -&..&/012345! -,5!6,! #7$4.5! $/8!9,!:&105!-(.'"/,0+.($$%)'%.+"1(2+23, '+&4$(.%'2,%5, .*+, .40%',
0"6'%+17"'%10+1.8!;&775!<='=,!!"!>'?@!A,!(<B+C,!
*+D,! E.$F5! G,H,5! &I! $7,5!9)(."%.+0)%'($, '+&4$(."%1,%5, +)".*+$"($:0+2+16*;0($, .'(12"."%1, "2, +22+1."($,
5%',2<4(0%42,6+$$,6('6"1%0(,0+.(2.(2"28!;$/3&1!;&775!<='<,!##>+?@!A,!C<(B*+,!
*+(,! J3$/$5! J,H,5! &I! $7,5! -+.(2.(."6, 6%$%1"=(."%1, '+<4"'+2, .*+, '+)'+22"%1, %5, .*+, +)".*+$"($:
0+2+16*;0($,.'(12"."%1,"1>46+',?''/@8!;$/3&1!;&775!<='<,!##>+?@!A,!C=)B<D,!
*++,! ;$1.I&/.5! G,K,5! L,! K2MF.$5! $/8! N,! -$77O1F5!-"6'%+17"'%10+1.:>+)+1>+1., 64+2, .'"&&+', 0"ABC:









*C=,! R&/81F3]5! 6,5! &I! $7,5! E)".*+$"($:0+2+16*;0($, .'(12"."%1, "2, (, 6'"."6($, 2.+), "1, .40%'&+1+2"2, %5,
)(16'+(."6,1+4'%+1>%6'"1+,.40%'28!;$/3&1.!>Y$.&7?5!<='<,!">'?@!A,!<Q'B)D,!
*C',! LA&F.4^5!_,5!&I!$7,5!-%$+64$(',)'%5"$"1&,%5,)(16'+(."6,1+4'%+1>%6'"1+, .40%'2, "1, 2)%'(>"6,(1>,
N%1,O"))+$:P"1>(4,)(."+1.28!;7F/!;$/3&1!N&.5!<='<,!!&>'=?@!A,!<Q*QBD),!




"1, 9QOC:04.(1., 5"#'%#$(2.2, 41>+', 1%'0%/"6, 6%1>"."%128! HOU! [27! T&/&I5! <==(,! !"><'?@! A,!
*<+*B),!
*C(,! P.$$3.5! G,L,5! &I! $7,5!OSU,%7+'+/)'+22"%1, 6%''+$(.+2,H".*, #"($$+$"6, $%22, %5, 540('(.+,*;>'(.(2+, "1,
'+1($,6(16+'3,1%7+$,'%$+,%5,540('(.+,"1,'+&4$(."%1,%5,OSU,2.(#"$".;8!;$/3&1!;&775!<==(,!&><?@!A,!
'D*B(*,!









*Q=,! EO13$/5! L,5! &I! $7,5! SQO@, 04.(."%1, "2, 2455"6"+1., .%, +2.(#$"2*, .*+, &$"%0(, *;)+'0+.*;$(.%',
)*+1%.;)+8!Z$IO1&5!<='<,!"&)>C*)=?@!A,!DC)BQ*,!
*Q',! RF%O&12$5! [,`,5! &I! $7,5! P+4D+0"6, SQO@, (1>, SQOT, 04.(."%12, '+24$., "1, (, *;)+'0+.*;$(."%1,
)*+1%.;)+L, >"2'4)., FEFT, 5416."%1L, (1>, "0)("', *+0(.%)%"+."6, >"55+'+1."(."%18! ;$/3&1! ;&77,!
!&>+?@!A,!((*B+C,!
*Q<,! LUFI]BHF34.5! ;,K,5! &I! $7,5! J:6+$$, *;)+')$(2"(L, )*+%6*'%0%6;.%0(, (1>, 2;0)(.*%(>'+1($,






*Q(,! a2O5![,G,5! &I! $7,5!W+1+."6, (1($;2"2, %5, ?.+1, (1>, S1DX(GC'5, "1.+'(6."%12, "1, .*+, 24))'+22"%1, %5,
.40%'"&+1+2"2,"1,0"6+8!#123!Z$I7!S3$8!L3F!b!L!S5!<==<,!$$>*?@!A,!'D((B+=,!
!"#$"%&'()*"+,
!"!# $ % & !
!
'()!
*+(,! -./0&/12.&34! 5,4! &6! $7,4! -%./"0"%.($, 10+., 2.%324%50, 6"3+7, (, 6%/+$, 8%', 6+0(90(0"3,
)*(+%3*'%6%3:0%6(;!8!#$62.74!9)):,!!"#;<=>!0,!?:@A()<,!
*+@,! BC2D7E4!F,4!&6!$7,4!1*+%3*'%6%3:0%6(9,(./,-43+$$,0*:'%"/,.+%)$(969,".,0'(.9&+."3,346%9,6"3+7,
(, 6%/+$, 8%', 0*+, *56(.,65$0")$+, +./%3'".+, .+%)$(9"(, 0:)+, <, 9:./'%6+;! G$HC&/! I&14! '::9,!
$!;9=>!0,!<?)A?,!
*++,! J/6&%$AB$&HE4! #,4! &6! $7,4!=+3*(."969, %8, (350+, %>:&+., 9+.9".&, #:, 0*+, 3('%0"/, #%/:7, $+99%.9,
8'%6,&+.+0"3($$:,6%/"8"+/,(."6($9;!I&10K/!#2L1K.7!F&D/.MK.74!9))@,!"$#;'=>!0,!'<)A@,!
*+:,! NH$//$4! 8,I,4! &6! $7,4! ?+8+30"@+, )$(3+.0($, @(935$%&+.+9"9, 3(59+9, +6#':%."3, $+0*($"0:, "., ABC4
/+8"3"+.0,6"3+;!#/.C!F$67!OC$P!BCK!Q!B!O4!'::@,!%&;'@=>!0,!:')9A@,!
*:),! R$4! S,4! &6! $7,4! B+)(0"3, @(935$(', 056%'9D, (.&"+30(9"9, "., 65$0")$+, %'&(.9D, (./, "6)("'+/,
9)+'6(0%&+.+9"9, ".,6"3+, E"0*, 3%./"0"%.($, ".(30"@(0"%., %8, 0*+, ABC, &+.+;! G$HC&/! I&14! 9))*,!
'(;'@=>!0,!?*9)A+,!




*:*,! N/&&H&4! V,O,! $HP! O,B,! WK1C27&/4! I90(#$"9*6+.0, %8, (, .%'(/'+.+'&"3, 3$%.($, $".+, %8, '(0, (/'+.($,
)*+%3*'%6%3:0%6(, 3+$$9, E*"3*, '+9)%./, 0%, .+'@+, &'%E0*, 8(30%';! #/.C! F$67! OC$P! BCK! Q! B! O4!
':@(,!#(;@=>!0,!9<9<A+,!
*:<,! #.X&/14! 8,Y,4! &6! $7,4! 1*+%3*'%6%3:0%6(, 3+$$, $".+9, 8'%6, *+0+'%J:&%59, .+5'%8"#'%6(0%9"9,
2.%32%50,6"3+;!G&77!WK11D&!I&14!9))),!(*!;*=>!0,!*):A9),!
*:?,! R$/6KHK.Z$4! V,4! &6! $7,4! -*('(30+'"J(0"%., %8, (., (."6($, 6%/+$, %8, (&&'+99"@+, 6+0(90(0"3,






*:+,! B&76^$HH4! -,4! &6! $7,4! M+'(0".9, 6+/"(0+, $%3($"J(0"%., %8, *+6"/+96%9%6+9, (./, '+)'+99, 3+$$,
6%0"$"0:;!8!_HZ&16!\&/^$6.74!9)'*,!"((;'=>!0,!'+'A:),!
*::,! OHP/.D7$3K14! F,4! &6! $7,4! -$"."3($, '+$+@(.3+, %8, 3"'35$(0".&, -M4GN6OLP4)%9"0"@+, 056%5', 3+$$9,
#+8%'+, 8'%.04$".+, 0'+(06+.0, "., )(0"+.09, E"0*, 6+0(90(0"3, #'+(90, 3(.3+';! ]/! 8! G$HC&/4! 9)'9,!
"*';'9=>!0,!':'@A9?,!




<)9,! F.E$6.4! R,4! &6! $7,4! I)"0*+$"($46+9+.3*:6($, 0'(.9"0"%.4'+$(0+/, &+.+, +>)'+99"%., (9, (, .+E,
)'%&.%90"3,6('2+',8%',.+5'%#$(90%6(;!_H6!8!JHC.74!9)'*,!&!;'=>!0,!'*<A<),!
<)*,! R.//K14! R,I,4! &6! $7,4! S5.30"%.($, +)"&+.%6"39, ())'%(3*, 0%, "/+.0"8:, 6+0*:$(0+/, 3(./"/(0+,
056%5',95))'+99%',&+.+9,".,'+.($,3+$$,3('3".%6(;!]/!8!G$HC&/4!9))+,!%);9=>!0,!<:(A?)',!
<)<,! 8D4! 8,T,4! &6! $7,4! O+&5$(0"%., %8, 3+$$, )'%$"8+'(0"%., (./,6"&'(0"%., #:, 2+'(0".GN4"./53+/, .53$+(',
"6)%'0, %8, +('$:, &'%E0*, '+9)%.9+4G, "., #'+(90, 3(.3+', 3+$$9;! G7KH! G$HC&/! I&14! 9)'*,!"%;'(=>! 0,!
<**?A<(,!
<)?,! W/K0$62K4! R,-,4! B,! RK1/$4! $HP! N,! G2$DP2D/K4! L+&(0"@+, '+&5$(0"%., %8, 0*+, +>)'+99"%.9, %8,
3:0%2+'(0".9,T,(./,GN,#:,KCUV,'+)'+99%',)'%0+".,".,*56(.,#'+(90,3+$$9;!]K.C2&^!]K.02L1!I&1!
G.^^DH4!9))?,!(!%;9=>!0,!?)+A'?,!
<)(,! F$Z$//.4! O,4! &6! $7,4!V+.%6+4E"/+, ?LP,6+0*:$(0"%., "./"3(0+9, 9"$+.3".&, %8, 056%', 95))'+99%',
&+.+9,".,50+'".+,$+"%6:%6(;!#V.B!JH&4!9)'9,!#;*=>!0,!&**9+<,!
<)@,! #$KZ$4! Y,4! &6! $7,4! S5.30"%.($, (./, +)"&+.+0"3, 3*('(30+'"J(0"%., %8, 0*+, MOWGN, &+.+, "., '+.($, 3+$$,
.+%)$(969;!\FO!G&77!]K.74!9)'',!(*;9=>!0,!+?A:),!
!"#$"%&'()*"+,
!"!# $ % & !
!
'('!
)*+,! -./0! 1,0! &2! $3,0! -./%&+."/, 0(1, 2'"&&+'1, /+$$, 13"/"4+, 2*'%3&*, 2*+, (/2"5(2"%., %6, (, /(1)(1+7
".4+)+.4+.2,/+$$,4+(2*,)'%&'(8,".,*38(.,/(./+',/+$$19!4567%&5&0!'888,!!"9':;<!=,!>>+'?8*,!
)*8,! 4@&AB&C&A0! D,E,0! &2! $3,0! :/2"5+, '(1, 2'"&&+'1, 4+(2*, "., &$"%#$(12%8(, /+$$1, 2*'%3&*,
*;)+'12"83$(2"%.,%6,8(/'%)".%/;2%1"19!F73!-$56&A!G&H0!>**+,!#9(;<!=,!8(I?JJ,!
)'*,! 4@&AB&C&A0! D,E,! $5K! L,M,! F$32&H&0! <+(2*, )(2*=(;1, 2'"&&+'+4, #;, (/2"5(2+4, 0(1, "., /(./+',
/+$$19!NA752!O/7H6/!9P$5KB$AQ!RK;0!>*'',!!#<!=,!'(8:?J':,!
)'',! 4@&AB&C&A0! D,E,0! &2! $3,0!:, /*($/%.+7'+$(2+4, 18($$,8%$+/3$+, 2*(2, ".43/+1,8+2*3%1"1>, (, .%5+$,
6%'8,%6,.%.7()%)2%2"/,/+$$,4+(2*>,".,&$"%#$(12%8(,/+$$19!F73!-$56&A0!>*'',!!$<!=,!(8,!
)'>,! F&A6&A0!D,!$5K!M,!E&3&5/SH0!?"'31,+.2';,#;,8(/'%)".%/;2%1"19!T$2!-&33!O/730!>**8,!!!9I;<!=,!I'*?
>*,!
!
!
